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ABSTRACT

Huaming, Sheng. Ph.D., Purdue University, December 2014. Mass Spectrometric Studies
on Lignin Sequencing and Fast Pyrolysis, Functional-Group Selective Ion-Molecule
Reactions and Reactivity of Bi- and Triradicals Major Professor: Hilkka I. Kenttämaa.

Due to the high sensitivity, selectivity and speed, mass spectrometry (MS) has
proved to be an invaluable tool for mixture analysis and structural elucidation of mixture
components. Tandem mass spectrometry (MS/MS) utilizing collision-activated
dissociation (CAD) has become the technique of choice for structural elucidation of
unknown analytes. The coupling of MS/MS with high performance liquid
chromatography (HPLC) has allowed trace level analysis of components in very complex
mixtures. Analysis of mixtures of lignin degradation products is a problematic area for
mass spectrometry due to the highly complex lignin linkages present. Hence, study of
lignin model compounds with varies linkage types is very helpful for the structural
elucidation of unnknown lignins. Gas phase ion-molecule reaction can be useful in study
of reaction kinetics and mechanism and even in probing the functional groups in
unknown molecules. The functional group selective ion-molecule reaction has great
potential for unknown drug metabolite identification
The experiments described in this thesis were aimed at providing more detailed
structural information of mixture components by using different mass spcetrometry based
methods. Chapter 2 describes the instrumentation used for the research presented in this

xxiv
thesis. Chapter 3 discusses the synthetic procedures for all the model compounds used.
Chapter 4 and 5 mainly esteablished two sequencing methods for lignin model
compounds with -O-4, -O-4 and 5-5 linkages, which can be coupled with HPLC to
achieve lignin mixture analysis in lignin biofuel samples. Chapter 6 described a fast
pyrolysis method developed in collaboration with chemical engineers to detect primary
fast pyrolysis products of these lignin model compounds. Chapter 7-10 focused on the
methods development for identification of sulfone, sulfoxide, N-oxide and Nhydroxylamine using functional group selective ion-molecule reactions. This project is in
collabration with AstraZeneca. Chapter 10 described the gas phase reactivity study of
2,7,9-tridehydroacridinium cation.
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CHAPTER 1. INTRODUCTION AND OVERVIEW

1.1 Introduction
Since the report of the first mass spectrometer in 1913 by J. J. Thomson,1 mass
spectrometry (MS) has evolved into a technique for solving complex problems across the
fields of science. Today, a century later, MS is a proven analytical method due to its high
sensitivity, specificity, speed and experimental versatility.2
The MS experiment at its core is composed of four events: evaporation, ionization,
ion separation and detection.3 The sample must be first evaporated and ionized. Secondly,
ions of different m/z-ratios are separated by using mass analyzers that utilize the
combination of electric and/ot magnetic fields under vacuum. Finally, once the ions have
been appropriately separated, a means of detection must be in place to measure the
abundance of the ions. A typical mass spectrum will display the results of the MS
analysis with the mass-to-charge (m/z) ratios of the ions on the abscissa and their
abundances (either relative or absolute) on the ordinate.
Structural elucidation is a powerful application in the field of MS. There are
several different approaches that may be employed to probe the structure of an unknown
analyte. A standard, single stage MS experiment can provide the analyst with molecular
weight information of the unknown analyte. In addition to molecular weight information,
some structural information may be obtained by inerpreting the mass spectrum. Tandem
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mass spectrometry (MSn) is a powerful method for structural elucidation in which an ion
of interest from one stage of mass analysis is selected and probed via a second (or more)
stage of mass analysis.4 When collisional activation with a neutral target gas is used as
the probe,5 structurally informative fragment ions can be generated, which allow the
structure of the analyte ion to be put together like a puzzle. Ion-molecule reactions
represent another set of tandem MS experiments well known for their structural
elucidation capabilities.6 Unlike CAD, ion-molecule reactions rely on reactive collisions
rather than inert ones, and thus provide a complimentary technique for characterizing
unknown analytes. Further, reagents may be chosen that identify specific functional
groups and compound classes or distinguish isomers.7 When using ion-molecule
reactions for structural elucidation, the analyte of interest may be an ion that is probed via
a specific neutral reagent, or a neutral molecule that is probed via a reagent ion. Mixture
analysis is another application where MS has excelled. MSn is a powerful method of
mixture analysis, which allows increasing specificity as more stages of MS are utilized.
Further, the various types of scan modes available with this technique provide many
options for each experiment.8 Tandem mass spectrometry has been found to be very
useful for mixture analysis. MSn and the various types of scan modes available with this
technique provide many useful options for problem solving.7 For analytes in complex
matrices, such as those found in the field of biofuel and pharmaceuticals, the coupling of
a chromatographic technique with MS is often desired.8
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1.2 Overview
This dissertation focuses on the method development of functional group selective
ion-molecule reactions for drug metabolite identification, MS based sequencing methods
and fast pyrolysis studies of synthetic lignin model compounds, and gas phase reactivities
of 2,7,9-tridehydroacridium cation. Chapter 2 briefly describes the experimental aspects
and principles (instrumentation and experimental setup) employed in these studies. These
projects required the use of two different mass spectrometers, i.e., linear quadrupole ion
trap (LQIT) and Fourier transform ion cyclotron resonance (FT-ICR) instruments.
Chapter 3 mainly focuses on the synthesis procedures as well as all characterization data
for all the synthesized model compounds used in this study, including all lignin model
compounds for sequencing and fast pyrolysis study,
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C-labeled cellubiose for fast

pyrolysis study and radical precusors. The chapter 4-7 of the dissertation are devoted to
the use of functional group selective ion-molecule reactions for identificaiton of sulfone,
sulfoxide, N-oxide and hydroxylamine groups in drug metabolites. Chapter 8 and 9
describes the MS sequencing of lignin model compounds with -O-4, -O-4 and 5-5
linkages. Chapter 10 is focused on the study of the primary fast pyrolysis products of
lignin lignin model compounds with -O-4, -O-4 and 5-5 linkages. Chapter 11 is
devoted to the studies for the gas phase reactivity of 2, 7, 9-tridehydroacridinium cation.
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CHAPTER 2. INSTRUMENTATION AND EXPERIMENTAL PRINCIPLES OF
FOURIER TRANSFORM ION CYCLOTRON RESONANCE AND LINEAR
QUADRUPOLE ION TRAP MASS SPECTROMETRY

2.1 Introduction
Through the development over the last few decades, mass spectrometry (MS) has
become one of the most powerful analytical techniques.1 MS methodologies have been
used to solve a variety of challenging scientific problems in environmental, geological,
pharmaceutical and clinical fields.2-5 The rapid growth of MS applications is
predominantly attributed to continuous and innovative development of new MS
methodologies.
Mass spectrometric analysis is based on three basic steps after evaporation:
ionization, separation of ions by their mass-to-charge ratios, and detection. The mass
analyzer is an essential component to any MS experiment. Two different types of mass
spectrometers with different mass analyzers were used in the experiments described in
this thesis: linear quadrupole ion trap mass spectrometer (LQIT) and fourier transform
ion cyclotron resonance mass spectrometer (FT-ICR). The fundamental and experimental
details of the mass spectrometry experiments employed in the research discussed in this
dissertation are described in the following sections.
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2.2 Ionization Methods
Commonly used ionization methods include atmospheric pressure chemical
ionization (APCI),6,7 atmospheric pressure photoionization (APPI),8,9,10 desorption
electrospray ionization (DESI),11 direct analysis in real time (DART),12 matrix-assisted
laser desorption/ionization (MALDI),13 inductively coupled plasma (ICP),14 fast atom
bombardment

(FAB),15

field

desorption/field

ionization

(FD/FI),16,17

laser

desorption/ionization (LDI),18 electron ionization (EI),19 and chemical ionization (CI).20
The methods used in this research, i.e., APCI, ESI, CI and EI will be discussed further.

2.2.1

Electrospray Ionization

ESI is a soft ionization/evaporation technique that allows for mass spectrometric
analysis of labile analytes.21 ESI has been used successfully to ionize large biomolecules.
Such large molecules can be analyzed by instruments with limited mass ranges due to the
formation of multiply charged ions. Multiple charges on the molecule reduce the mass-tocharge ratio so that analytes are within the detection range of the mass analyzer. Positive
ions are generally protonated molecules, while negative ions most often result from the
loss of one or more protons from the molecule. Because the ions are generated in solution,
only the most acidic or basic molecules tend to be ionized, which can cause ionization
bias for different components of complex mixtures.
Upon ESI, ions preformed in solution are transferred from solution into the gas
phase through a stepwise process that starts when the analyte solution passes through a
high voltage needle (~ ±3-5 kV).22 As the solution passes though the needle, a fine spray
of droplets containing multiple charges are formed.23 As a droplet moves towards the
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inlet of the mass spectrometer, the solvent within the droplet keeps evaporating, causing
the charges to move towards each other.23 Once the charges are concentrated to the point
that the electrostatic repulsion is stronger than the surface tension of the droplet, known
as the Rayleigh stability limit, the droplet explodes producing smaller droplets. This
repeats until gas-phase ions are released and analyzed in the mass spectrometer.22 This
process is shown in Figure 2.1.

Figure 2.1 Diagram showing the ESI process (positive mode). The zoom on the spray
shows how gas-phase ions are formed from a droplet explosion due to Columbic
repulsion.
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2.2.2

Atmospheric Pressure Chemical Ionization (APCI)

APCI is a relatively soft ionization technique that can be used to ionize analytes
with medium to low polarity.24 In order to introduce the analytes into the mass
spectrometer via an APCI source, analyte solution (e.g. methanol/water) is injected into
the ion source. As the solution flows into the ion source, it is vaporized in the APCI
heating-tube and carried by N2 sheath gas at temperatures of ~300-400˚C. The vapor then
leaves the tube and is ionized by using corona discharge via the application of high
voltage to a needle in the ion source region. A typical APCI reaction is shown in Figure
2.2.

Figure 2.2 Diagram illustrating the APCI process in positive ion mode. The zoomed part
shows the process of analyte protonation initiated by corona discharge in the plasma
region.
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2.2.3

Electron Ionization (EI) and Chemical Ionization (CI) in FT-ICR

Electron ionization (EI) is the oldest ionization method for mass spectrometry.25
Ionization of analytes by EI is conducted by bombarding the neutral analyte molecules
with a beam of energetic electrons (typical kinetic energy ~70 eV) in the gas phase. 26,27
The collision of a fast electron with the neutral analyte molecule can result in ejection of
an electron from the analyte molecule to give the molecular ion. Energy deposition
exceeding the ionization energy and the fragmentation threshold of the neutral analyte
can internally excite the positively charged radical ion formed in this experiment, thus
inducing fragmentation. Chemical ionization (CI) involves generation of reagent ions that
can be used to ionize the analyte of interest via a series of chemical reactions.28,29,30 These
chemical reactions may involve electron, atom, and/or group transfer. CI typically yields
pseudo-molecular ions with minimum fragmentation, which is advantageous for
obtaining molecular weight information.
For all the radical experiments performed using FT-ICR, the neutral radical
precursors (R) were introduced into one side of the dual cell through a variable leak valve
or a solids probe. The radical precursors (R) were protonated via self-chemical ionization
(self-CI) or CI (Figure 2.3). In self-chemical ionization, the molecular ions of the radical
precursors and their fragment ions, created by bombarding the radical precursor with a
stream of electrons (EI), react with their neutral precursor by proton transfer to generate
the protonated radical precursor. In chemical ionization, the neutral precursor was
allowed to react with reagent ions generated from a chemical ionization reagent by
electron or chemical ionization to produce protonated or deuterated radical precursors.
Methanol or acetone was used as a reagent for protonation (Figure 2.3).
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Figure 2.3 Chemical ionization: a and b are for protonation. R = radical precursors.

2.3 Linear Quadrupole Ion Trap (LQIT) Mass Spectrometry

2.3.1

Instrument Overview

LQIT experiments were performed using a Thermo Scientific LTQ linear
quadrupole ion trap mass spectrometer (Figure 2.4) equipped with one of two
atmospheric pressure ionization sources, ESI or APCI.31 The pressure in the ion trap was
maintained at approximately 0.5–1.0 x 10-5 Torr by one inlet (400 L/s) of a Leybold
TW220/150/15S triple-inlet turbomolecular pump. The two additional inlets, whose
pumping efficiencies are 25 L/s and 300 L/s of this turbo pump, were used to evacuate
the initial and intermediate sections of the vacuum chamber down to 500 mTorr and 1
mTorr, respectively. The turbo pump was backed by two Edwards E2M30 rotary-vane
mechanical pumps (10.8 L/s each), which also served to pump down the transfer
capillary-skimmer cone region of the instrument to approximately 1 Torr.
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The mass analyzer of the linear quadrupole ion trap mass spectrometer consists of
four hyperbolic rods32 (Figure 2.5) that were cut into three segments of 12, 37, and 12
mm in length. The center parts of the two rods located in the x-axis have a slit with
dimensions of 0.25 × 30 mm, which allows ions to be ejected into two conversion
dynodes (Figure 2.5). The fundamental parts of ion generation, trapping, activation,
isolation, ejection, and detection are elaborated in the sections below.

Figure 2.4 Configuration of the Thermo Scientific linear quadrupole ion trap mass
spectrometer.

12

Figure 2.5 The linear quadrupole ion trap mass analyzer of Thermo Scientific ion trap.

2.3.2

Ion Transfer to the Ion Trap and Ion Traping

After ions are generated, they are drawn into an transfer capillary in the
atmospheric pressure region of the APCI source and transported into the skimmer region
of the vacuum manifold through a negative pressure gradient (Figure 2.6). A potential
applied to the ion transfer capillary tube of typically 0 to ±10 V in the x-y direction
(positive for positive ions and negative for negative ions) assists in directing ions from
the ion transfer capillary tube to the skimmer. The tube lens (Figure 2.6) has a mass
dependent potential determined by software to focus ions towards the skimmer. Q00 and
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Q0 are quadrupole assemblies with square rods that function as ion guides. Multipole Q1
is an octupole assembly with round rods. These quadrupoles and octupole focus and
transfer the ion beam from multipole Q0 into the ion trap (Figure 2.6). They also decrease
the kinetic energy of the transmitted ions to ensure that the ions are successfully trapped
in the ion trap.
Ions are trapped in the linear quadrupole ion trap by applying an RF potential with
a fixed frequency to the four hyperbolic rods consisting of the 2D ion trap (Figure 2.7)
and applying a different DC potential to the front, center, and back sections of the 2D trap
(Figure 2.7). The helium buffer gas is required to lower the kinetic energies of ions
though collisions as they enter the trap since the ions gain a large amount of kinetic
energy as they are transported into the trap.
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Figure 2.6 Moving ions from the ion source toward the ion trap in the z-direction.

Figure 2.7 The RF potentials used for trapping ions in the x-y-plane.
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2.3.3

Radial Motion

Similar to the quadrupole mass filter and mass analyzer,33 a combination of RF
and DC potentials is applied to the four hyperbolic rods of the 2D mass analyzer to
produce the potentials shown in Equation 2.1 ,

Ф
wherein

is the DC potential,

cos Ω

Equation 2.1

is the zero-to-peak amplitude of the RF potential, Ω is

the angular frequency of the RF field and is time. These potentials create a quadrupolar
electrostatic field between the four hyperbolic rods as shown in the following equations:34

Ф

Equation 2.2

Ф

wherein Ф

,

Ф

and

Equation 2.3

is the mass of the ion,

elementary charge, is the number of charges of the ion and

is the

is the radius of the 2D

trap. These equations can be rearranged to the following equations:

cos Ω

0

Equation 2.4

cos Ω

0

Equation 2.5
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The ions will have stable motion if their values of

and

are smaller than

. These two

equations are similar to the Mathieu equation34 (Equation 2.6),

2

cos 2ξ

0

Equation 2.6

The Mathieu equation can be rearranged into Equation 2.7 by defining

cos Ω

0

as

,

Equation 2.7

Equations 2.8 and 2.9 can be obtained by rearranging Equations 2.3, 2.4, and 2.6.

Equation 2.8

Equation 2.9

An ion has a stable trajectory in the trap if both

and

values of the ion are in

the crossed area shown in Figure 2.8. For most of the time, the linear quadrupole ion trap
is operated with

0 so that a large range of ions are trapped simultaneously. As

shown in Figure 2.8, with
have higher

0, larger ions have lower

values while smaller ions

values at a given RF potential. Also, at a given RF potential, each ion has

a specific secular frequency that can be described as:

Equation 2.10
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in which

. The maximum secular frequency

the RF frequency since the maximum value of

of an ion is one half of

is 1.33

Figure 2.8 The Mathieu stability diagram for a linear quadrupole ion trap. Different size
of the circles represents the different mass of ions. In the center region of this diagram,
and
values. Ions fall
ions can be trapped in both x and y directions with proper
outside of this regions are unstable in the x or y directions.

2.3.4

Axial Motion

In the LQIT, the ions are trapped in the z-direction by the DC potentials applied to
the front, center and back sections of the four hyperbolic rods (Figure 2.9). A potential
well, which traps the ions in the center section, is created by applying higher potentials to
the front and back sections than the middle section (Figure 2.9).
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Figure 2.9 Trapping of ions in the z-axis.

2.3.5

Ion Isolation and Activation

The ion isolation and activation is part of MS/MS and MSn experiments. During
ion isolation, the ion of interest is placed at the proper q value by ramping the RF voltage.
The ramping of the RF voltage also ejects ions of lower mass than the desired ion. All the
remaining unwanted ions are then excited by a broadband waveform. In the Thermo
Scientific LTQ, resonant ejection is accomplished by applying a 5–500 kHz multifrequency waveform with sine components spaced every 0.5 kHz, with a notch at q =
0.83 where the ion of interest resides. The waveform was calculated by the LQIT and
automatically applied at the correct time.34 Unit resolution ion isolation can be obtained
up to approximately m/z 1500. The q value is set at the default value of 0.25.
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Figure 2.10 Tailored RF waveform for ion isolation. Secular frequencies is the frequency
at which an ion of a given m/z oscillates in an ion trap.

2.3.6

CAD in LQIT

In the LQIT, collision-activated dissociation (CAD) is a slow heating method,
wherein ions undergo multiple low energy collisions with helium buffer gas over a
relatively long activation time.37 The kinetic energy of isolated ions was increased by
resonance excitation at the q value of 0.25.38 This involved applying a supplemental RF
potential (~ 1 V) at the secular frequency of the isolated ion to the x-rods continuously
for approximately 10-100 ms. During this time period, the kinetically excited ions
undergo multiple activating collisions with helium, which converts ions’ kinetic energy
into internal energy and eventually leads to fragmentation.
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Figure 2.11 Diagram depicting the ion ejection and detection in Thermo Scientific LQIT.

2.3.7

Ion Ejection and Detection

As discussed above, the value of
of

is usually zero for the LQIT while the value

is proportional to the amplitude of the applied RF potential. At a given RF

potential, each ion has its own individual

value. As shown in Figure 2.8 (Mathieu

Stability Diagram), larger ions have lower

values while smaller ions have higher

values. By linearly increasing the amplitude of the RF potential applied to all sections of
the trap, ions of increasing m/z values will become unstable and be ejected from the trap
(Figure 2.10). In the cylindrical ion traps, ions are ejected at the stability limit (
0,

0.908).35 In the LQIT, however, resonance ejection is employed to eject ions at a
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lower q value (

0.88), which helps with the increase of the mass range, sensitivity

and resolution of the experiments.36 Resonance ejection is achieved by applying a small
supplemental RF potential to the x-rods.35 Ions are ejected through slits in the x-rods
when the secular frequency of the ions is resonant with the frequency of the supplemental
RF potential. Secular frequencies is the frequency at which an ion of a given m/z
oscillates in an ion trap.
After the ions are ejected through the slits of trap, they are attracted to the
conversion dynode with -15 kV potential in the positive mode. As shown in Figure 2.10,
the ions that are ejected hit the surface of the dynode, resulting in the ejection of one or
more electrons. The electrons are then focused by the curved surface of the dynode and
accelerated toward an electron multiplier due to a large potential difference between the
dynode and the electron multiplier. The ions hit the surface of the multiplier, and more
electrons are ejected. This process happens multiple times inside the electron multiplier
to create a cascade effect, thus a measurable current is created. The current is
proportional to the number of ions striking the curved surface of the conversion dynode.
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2.4 Fourier-Transform Ion Cyclotron Resonance (FT-ICR) Mass Spectrometry

2.4.1

FT-ICR Mass Instrument Overview

All radical related gas-phase experiments described in this dissertation were
carried out in a three Tesla Finnigan model FTMS 2001 dual-cell FT-ICR mass
spectrometer (Figure 2.12), which has been previously described in the literature.39 The
most essential components of this instrument are the dual-cell, vacuum system,
superconducting magnet, and data acquisition system. Each of these components are
described in detail in the sections below.

Figure 2.12 Schematic representation of the 3-Tesla dual-cell FT-ICR mass spectrometer
used in these studies.
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2.4.2

Dual-Cell Ion Trap

The FT-ICR instrument used in the experiments discussed here has a dual-cell in
a vacuum chamber immersed in a uniform magnetic field of a three Tesla
superconducting magnet. The vacuum chamber’s low pressure (10-9 Torr) is maintained
by two Edwards 160P/700 (800 L/s) diffusion pumps. As shown in Figure 2.13, the dualcell containes two cubic cells, each with the dimensions of 4.763 cm × 4.763 cm × 4.763
cm, that are aligned collinearly with the highly homogenous magnetic field. The dual-cell
consistes of eleven stainless steel plates, three of which are perpendicular to the magnetic
field while eight are parallel to the magnetic field. The three plates perpendicular to the
magnetic field are used for trapping ions along the magnetic field axis, denoted as z-axis,
by applying the same repulsive potential (+2 V to trap positive ions and -2 V to trap
negative ions) to each of them. The middle trapping plate, which is called the
conductance limit plate, is shared between the two cells and is mounted on a vacuumtight divider. The vacuum-tight divider is used to divide the bore of the magnet into two
differentially pumped regions, the source region and analyzer region, so that each region
is maintained at a certain pressure without influencing the pressure in the other region. A
2 mm diameter hole in the center of the conductance limit plate is designed to allow for
the transfer of ions from one cell into the other cell, which is achieved by grounding the
conductance limit plate. The 2 mm diameter hole also allows the electron beam to travel
from the electron source, located just outside of the analyzer side, through the analyzer
cell and into the source side, where ions are generated by electron ionization or chemical
ionization. The remaining four plates of each cell that are parallel to the magnetic field
are divided into two opposing pairs, excitation and detection plates. The excitation plates
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are used for ion excitation while the detection plates are used for ion detection. These two
pairs of plates are maintained at ground potential except during dipolar excitation when
an rf-voltage is applied to the two excitation plates or during quadrupolar excitation (used
during quadrupolar axialization) when an RF-voltage is applied to all four plates.
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Figure 2.13 Details of the FT-ICR dual-cell. Reproduced with permission from Nicolet
FT-MS 2000 instruction manual. Copyright 1985 Thermo Fisher Scientific Inc.
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2.4.3

Ion Motion in FT-ICR

Inside the cells of FT-ICR mass spectrometers, ions can undergo three types of
motion, cyclotron, trapping, and magnetron motion, which are controlled by the magnetic
and/or electric fields.12,13 The sum of the forces (F), arising from the strong magnetic and
electric fields is given by Equation 2.11.
Equation 2.11
wherein q, E,

, and B are the charge of the ion, the electric field, the velocity of the

ion in the xy-plane, and the strength of the magnetic field, respectively.

2.4.3.1 Cyclotron Motion
An inward-directed Lorentz force, FLorentz, is exerted by a magnetic field on an ion
moving in a plane (xy-plane) perpendicular to the magnetic field (z-axis), as described by
Equation 2.12

FLorentz = qvxyB

Equation 2.12

wherein q, vxy, and B represent the charge of the ion, the velocity of the ion, and the
strength of the magnetic field. The Lorentz force is offset by centrifugal force, FCentrifugal
(Figure 2.15), that is directed radially outward due to the momentum of the ion, as
described in Equation 2.3,

Equation 2.13

wherein m and r are the mass of the ion and the radius of its cyclotron motion,
respectively.
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Since the Lorentz force and centrifugal force are counterbalanced when an ion
moves on a circular path in a uniform magnetic field, Equations 2.12 and 2.13 are equal,
resulting in Equation 2.14. It can also be rearranged to Equation 2.15, which shows that
the radius of cyclotron motion is proportional to the mass of the ion and its velocity in the
xy-plane divided by the charge of the ion and the magnetic field strength.
Equation 2.14

Equation 2.15

Equation 2.16 shows that the cyclotron frequency of an ion only depends on its
mass-to-charge ratio and the strength of the magnetic field, while being independent of
the ion’s velocity and therefore also of its kinetic energy. This characteristic allows the
FT-ICR mass spectrometers to achieve much higher resolution than instruments in which
resolution is dependent on the variations in the kinetic energies of ions.

Equation 2.16
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Figure 2.14 Representation of the cyclotron and trapping motions of a positive ion in a
cubic ICR cell. Cyclotron motion restricts ion movement in the xy-plane, while trapping
motion constrains ions along the z-axis.

Figure 2.15 Cyclotron motion of a positively charged ion in the xy plane.
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2.4.3.2 Trapping Motion
The uniform magnetic field is used to constrain ions in the xy-plane, yet it cannot
be used to control the ion motion along the z-axis. In order to prevent ions from drifting
out of the ICR cell in the z-direction, a potential, +2 V for positive ions and -2 V for
negative ions, was applied to all three trapping plates. This trapping potential is described
by Equation 2.17,

2

, ,

wherein

, , , and

Equation 2.17

are the voltage applied on the trapping plates, 0.3333 (cubic cell

geometry constant), 2.77373 (cubic cell geometry constant), and the distance between the
trapping plates, respectively.40,41 This potential has a maximum of 2 V at the trapping
plates and minimum of 0.67 V ( ) in the center of the cell for a trapping potential of 2 V.
Therefore, the ions are trapped between the trapping plates and oscillate harmonically
along the magnetic field axis (z-axis) at the frequency described by Equation 2.18,

Equation 2.18

wherein

is the charge of the ion,

is the voltage applied on the trapping plates,

cell geometry constant (2.77373 cm for a cubic cell),
the distance between the trapping plates.

is the mass of the ion, and

is a
is
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2.4.3.3 Magnetron Motion
Previous sections have described how ions are constrained by their cyclotron
motion in the xy-plane by a static, uniform magnetic field, and by their trapping motion
in the z-axis by an electric field. However, the combination of the magnetic field and the
electric field generates an undesirable ion motion, the magnetron motion, which guides
the center of the cyclotron motion of an ion around the center of the cell (Figure
2.16).40,41 The magnetron motion is due to the fact that the trapping potential varies
throughout the cell perpendicular to the magnetic field. The inconsistency in the electric
field generates maximal potential in the center of the cell and thus an outward-directed
radial force. The radial force,

, pushing the trapped ions radially away from the center

of the cell is defined by the following equation,

F

where

r

Equation 2.19

is a cell geometry constant (1.39 cm for a cubic cell),

is the voltage applied on the trapping plate,
plates, and

is the charge of the ion,

is the distance between the trapping

is the radius of the magnetron motion.

The frequency of the magnetron motion,

, is defined by the following equation.

Equation 2.20
As shown in Equation 2.20, the magnetron frequency is directly proportional to the
trapping potential,

, and the cell geometry factor,

(1.39 for a cubic cell) and inversely

proportional to the distance between the trapping plates,

, and the strength of the
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magnetic field,

. However, the magnetron frequency is independent of the mass-to-

charge ratio of the ion. Therefore, all ions will have the same magnetron frequency,
which is ~114 Hz in the Finnigan 3-Tesla FT-ICR mass spectrometer used in this
research.

Figure 2.16 A representation of cyclotron motion (little circles) and magnetron motion
(large circles). The magnetron motion follows equipotential lines, and is independent of
the m/z ratio of the ion. It should be noted that the magnetron radius depicted in this case
is greatly exaggerated. The magnetron radius is generally smaller than the cyclotron
radius.
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2.5 Experimental Aspects of Ion-Molecule Reactions in FT-ICR and LQIT
In an FT-ICR and LQIT mass spectrometer, a sequence of events mostly occurs in
the same space but the events are spread out over time, as opposed to non-ion trapping
mass spectrometers, wherein all events occur simultaneously and continuously but in
different places. Hence, the FT-ICR and LQIT mass spectrometer provides an excellent
environment for studying ion-molecule reactions for radical's reactivity in the gas phase.
For performing functional group selective ion-molecule reactions in LQIT, the event
sequence begins by evaporating the neutral molecules and generating the ions using
atmospheric pressure chemical ionization methods such as APCI and ESI. The resulting
ions are transferred into the ion trap. Only the ions of interest are isolated and allowed to
react with the neutral reagent leaked into the ion trap. These can be achived by using the
functions such as ion isolation, activation and detection as described in the previous
sections. This section will mainly focused on the FT-ICR part. For performing radical
reactions in FT-ICR, the event sequence includes evaporation of the neutral molecules,
generation of the precursor ions by electron ionization or chemical ionization, transfer of
the radical precursor ions into a clean cell, generation of the corresponding radical ions
by sustained off-resonance irradiation collision-activated dissociation (SORI-CAD),42
isolation of the desired radical ions by stored waveform inverse fourier transform
(SWIFT) excitation,
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allowing them to undergo reactions with a reagent, kinetic

excitation of the radical ions and their ionic products for detection, quenching of the
experiment (i.e. removal of all ions from both cells). These events are shown in Figure
2.17 and are discussed in the following sections. A pictorial sequence of events for
radical ion-molecule reaction experiments is shown in Figure 2.18.
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Figure 2.17 The sequence of events of an ion-molecule reaction experiment involving
reaction of a radical ion with a neutral reagent.
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Figure 2.18 The pictorial sequence of events employed to study radical reactions.
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2.5.1

Ion Transfer

In order to avoid any interference caused by the CI reagents and the radical
precursor, the protonated or deuterated radical precursors were transferred from one cell
(in these experiments, the source cell was used for ion generation) into the other cell (the
analyzer cell was used for ion-molecule reactions) by grounding the conductance limit
plate for an optimal time period (Figure 2.19). The transfer time depends on the mass-tocharge (m/z) ratio of the ion and was calculated using Equation 2.21.

⁄

10 μ

Equation 2.21

All the ions in the analyzer cell were ejected out of the cell prior to ion transfer by
changing the remote trapping plate voltage from +2.0 V to -3.5 V for 15 ms. The kinetic
energy gained by transferred ions during transfer process was dissipated by collisions
with the neutral reagent molecules present in the analyzer cell. Any excess internal
energy that the ions had was dissipated by IR emission during cooling time, which was
typically 1-5 s.15-19
Ion transfer was inefficient in many cases due to the large radii of the ions’
magnetron motion caused by collisions. If the radius of magnetron motion is larger than
the radius of the hole in the conductance limit plate (1 mm), the ion will collide with the
conductance limit plate and become neutralized instead of being transferred into the other
cell. Quadrupolar axialization (QA) was employed to increase the ion transfer efficiency.
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Quadrupolar axialization is mass selective, which means that only ions with the
cyclotron frequency equal to the frequency of the applied quadrupolar rf pulse can be
axialized whereas all other ions undergo radial diffusion due to collisions with helium.

Figure 2.19 The harmonic motion of an ion trapped in the magnetic field before transfer
into the other cell (a) and during transfer (b).

2.5.2

Quadrupolar Axialization (QA)

As described in the previous section, an increase of the radii of ions’ magnetron
motion due to collisions with neutral molecules significantly reduces the transfer
efficiency. The quadrupolar axialization technique, which is discussed below, can be used
to overcome this problem.42-45
For the FT-ICR employed in these studies, quadrupolar axialization was
accomplished by utilizing quadrupolar excitation and a collision gas to axialize ions into
the center of the cell before transfer into the other cell. Quadrupolar excitation was
achieved by applying an rf-potential of opposite phases to the detection plates and the
excitation plates, which generated a quadrupolar electric field instead of a dipolar electric
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field. During this excitation, ions collided with the collision gas, helium, which was
introduced into the cell via pulsed valves at a momentary high pressure, typically about
~1×10-5 Torr peak nominal pressure. Quadrupolar excitation is able to convert magnetron
motion to cyclotron motion. Since the radius of the cyclotron motion decreases faster
than the radius of the magnetron motion increases, the ions are brought back into the
center of the cell, as illustrated in Figure 2.20. Quadrupolar axialization is mass selective,
which means that only ions with the cyclotron frequency equal to the frequency of the
applied quadrupolar rf pulse can be axialized while all other ions undergo radial diffusion
due to collisions with helium molecules.

Figure 2.20 Simulation of ion trajectories in an ICR cell during quadrupolar axialization.
Adapted with permission from ref. 21. (A) Projection of three-dimensional simultaneous
periodic cyclotron, magnetron, and axial motions in the absence of collisional damping
and electric excitation. (B) Cyclotron and axial motions dampen quickly while the radius
of the magnetron grows at a lower rate with the addition of collisions. (C) Quadrupolar
excitation interconverts magnetron and cyclotron motion and dampens the cyclotron
radius to bring ions back into the center of the cell. Copyright 1994 American Chemical
Society.
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2.5.3

Frequency-Sweep and SWIFT Excitations

Unwanted ions are generated along with the desired ionized radical precursors in
the source cell, which may interfere with the transfer of the ions of interest into the
analyzer cell due to space charge effects. In addition, some unwanted ions are transferred
into the analyzer cell together with the ionized precursors. Furthermore, unwanted ions
can be generated along with the desired charged radicals upon SORI-CAD of the
precursor ions. The unwanted ions formed in the above situations can be ejected from the
cell by exciting the ions either by frequency sweep (chirp)48-50 or by stored-waveform
inverse Fourier transform (SWIFT) excitation.51 The frequency sweep, also known as
“chirp” excitation, is typically employed to kinetically excite ions with a wide mass range
for detection or ejection. This is quick and simple than SWIFT. However, this method
suffers from non-uniform ion excitation resulting from the instability in the magnitude of
the rf potential waveform. This problem can be avoided by the use of SWIFT. 50
SWIFT is a tailored method of ion excitation, which does not suffer from the
inconsistency in ion excitation as opposed to “chirp” excitation.49-51 In SWIFT, an inverse
Fourier-transform of a defined frequency-domain waveform is applied to produce a timedomain excitation waveform. The SWIFT excitation waveform can be used to either
excite ions for detection or to excite all unwanted ions with specific cyclotron frequencies
for ejection simultaneously. This method allows for the selective isolation of an ion with
a desired m/z ratio or isolation of a number of ions with different m/z ratios without the
problems associated with frequency-sweep excitation. In these studies, SWIFT was used
for the isolation of charged radicals after generation, whereas chirp was used for ion
excitation for detection after the ion-molecule reactions had occurred.
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2.5.4

Sustained Off-Resonance Irradiation Collision-Activated Dissociation

Collision-activated dissociation (CAD),50 which has been proven to be a powerful
tool for investigating the structures of ions in tandem mass spectrometers, is achieved in
an FT-ICR by applying an RF pulse to kinetically excite the ions to a larger cyclotron
radius before collisions with an inert target gas. The excited ions’ kinetic energy is
converted into internal energy during collisions with the atoms or molecules of the inert
target gas (argon was used in these studies). Fragmentation occurs when sufficient
amount of internal energy has been accumulated by the ions. The kinetic excitation can
be achieved by using an RF pulse with a frequency matching the cyclotron frequency of
the ions to be excited (on-resonance CAD). However, on-resonance CAD in FT-ICR
suffers from signal losses due to significant ion scattering caused by collisions and the
formation of fragment ions away from the center of the cell. Therefore, another technique,
sustained off-resonance irradiation collision-activated dissociation (SORI-CAD),42 was
employed in this research. In SORI-CAD, the ion of interest is excited by applying a
long-duration off-resonance rf voltage (with frequency typically 1000 Hz higher or lower
than the cyclotron frequency of the ion of interest) to the excitation plates, resulting in
repeated increase and decrease of the radius of cyclotron motion of the excited ion.
During excitation, the ion of interest undergoes multiple low-energy collisions with inert
target gas atoms, resulting in less kinetic energy gained and a slower increase of the ion’s
internal energy than in on-resonance CAD. As a result of the off-resonance excitation, the
ion dissociates via the lowest energy pathway close to the center of the cell, which
reduces problems due to scattering of the ions.
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In the studies discussed here, SORI-CAD was employed to generate radical sites
in the ions. The number of SORI-CAD events depended on the type of radical, being one
for monoradicals, one or two for biradicals, two or three for triradicals, and two, three or
four for tetraradicals. The precursor ions were subjected to SORI-CAD for 0.3 s in the
presence of argon (typically at ~10-5 Torr nominal pressure). The final radical ion
products were allowed to collide with neutral reagent molecules to reduce their kinetic
energy and given time to undergo IR-irradiation to reduce their internal energy before the
examination of their ion-molecule reactions.

2.5.5

Ion Detection

Chirp excitation and SWIFT make ions with the same mass-to-charge ratio move
coherently as an ion packet. The increase in the ions’ cyclotron orbit will continue until
the excitation voltage is turned off. Ion signal would hardly be detected if the ions do not
move coherently, because ions with random phases would cancel each other's signals.
Another reason for ion excitation is that the ions need to come close to the detection
plates to generate a detectable signal. As the ion packet passes by the detection plates, an
alternating current, called image current, is produced through an external circuit that joins
them (Figure 2.21). The measured image current is converted to voltage. This voltage
signal contains many sinusoidal signals of different frequencies and amplitudes
corresponding to ions of different m/z-values and relative abundances. It is digitized and
converted into a frequency-domain signal by Fourier transformation.40 Finally, the
measured frequencies are converted to m/z values by using equation 2.7. The amplitude
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of each component of the voltage signal correlates with the abundance of ions of a given
m/z-value.
In the experiments discussed here, ions were excited for detection by using chirp
excitation with a bandwidth of 2.7 MHz and sweep rate of 3200 Hz/μs. The spectra
shown are an average of at least five transients acquired with an acquisition rate of 3333,
5333 or 8000 kHz. The transients were subjected to Hanning apodization52 employed to
correct baseline anomalies that result from an abrupt termination of the time-domain
signal, and one zero-fill, which corresponds to the addition of five zeroes to the end of the
transient signal to increase the number of data points. The application of apodization and
zero-fill improves the signal-to-noise ratio and enhances the appearance and resolution of
the Fourier transformed data.52

Figure 2.21 Ion Detection. An image current is produced on the detection plates, detected,
and converted to a mass spectrum.
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2.6 Fundamental Aspects of Gas-phase Ion-Molecule Reactions
Gas-phase ion-molecule reactions have been proven to be a powerful tool for
studies of reaction products, kinetics and mechanisms.53 Gas phase provides a solventfree environment, which allows the examination of highly reactive intermediates without
the influence of solvent. In the studies discussed here, ion-molecule reactions were
employed to study chemical properties of bi-, tri- and tetraradicals that are not easily
studied in solution. The following sections focus on the fundamental aspects of gas-phase
ion-molecule reactions.

2.6.1

Brauman’s Double-Well Potential Energy Surface

Double-well potential energy surface model (Figure 2.15) was proposed by
Olmstead and Brauman to explain the variations in the rates of gaseous ionic SN2
reactions.52 In this model, ion-molecule reactions are proposed to occur via the formation
of a reactant collision complex and a product collision complex separated by an
entropically restricted barrier (Figure 2.15). Since then, this model has been widely
employed to describe gas-phase ion-molecule reactions.51
I In the gas phase, a complex of the reactant ion and the reactant neutral reagent is
formed rapidly due to long-range ion-dipole or ion-induced dipole forces, which lower
the potential energy of the collision complex. This released potential energy, or solvation
energy (the energy difference between the separated reactants and the reactant complex),
typically ranges from 5 to 20 kcal/mol and can be used by the system to overcome
barriers (transition states) along the reaction pathways.54 Indeed, the energy difference
between the separated reactants and the transition state (∆E) is the main factor controlling
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the rates of gas-phase ion-molecule reactions.55 The magnitude of the solvation energy
depends on the polarizability and the dipole moment of the neutral reagent.55
Many gas-phase ion-molecule reactions do not occur at the collision rate due to
the entropically favored dissociation of the reactant complex back to the separated
reactants. The transition states leading to the formation of products are usually tighter and
hence lower in entropy than the transition states leading to the dissociation back to the
separated reactants (Figure 2.22). Therefore, dissociation back to reactants occurs often
faster than product formation, even when the net reaction is exothermic and the central
barrier is lower in energy than the separated reactants.56
Solvation effects have a significant influence on reactions in solution since, for
example, the energetic cost of replacing solvent molecules by reactant molecules lowers
reaction rates. In contrast, gas-phase reactions are free from solvation effects, except for
the solvation of the ionic reactant by the neutral reagent to form the initial reactant
complex. This allows the examination of the intrinsic reactivity of an ion and a neutral
reagent. The net reaction must be exothermic since the total energy of the reaction system
is conserved in the gas phase.
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Figure 2.22 Potential energy surfaces for ion-molecule reactions in gas phase and in the
solution.
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Figure 2.23 Brauman double-well potential energy surface showing the tightness of the
transition state of a gas-phase ion-molecule reaction. The tightness for internal energy
levels for dissociation and forward reaction transition states are indicated.

2.6.2

Kinetics of Ion-Molecule Reactions

In these studies, the most important event in the experimental sequence is the
reaction between the charged radical and the neutral reagent. The rate, identity of
products, and the products’ branching ratios of the reactions reveal chemical and
structural characteristics of the ion of interest.
Charged radicals were allowed to react with a neutral reagent for variable periods
of time, ranging from 0.005 to 1000 s, to ensure the completion of the reactions. The
nominal pressure of the neutral reagent was 1.3 × 10-8 Torr, as measured by an ionization
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gauge. Under these conditions, ion-molecule reactions follow kinetics as shown by
Equation 2.21,

Equation 2.22
wherein , k,

, and

represent the reaction rate, second-order reaction rate

constant, concentration of the neutral reagent, and concentration of the charged radicals,
respectively. However, under the conditions described above, the concentration of the
charged radicals inside the cell is much smaller than that of the neutral reagent and hence
the concentration of the neutral reagent can be assumed to be constant. Therefore, these
reactions inherently follow pseudo-first order kinetics, and Equation 2.13 can be
simplified to Equation 2.22,

Equation 2.23

Equation 2.24

wherein

is equal to

.

is derived from the slope of a semi-logarithmic plot

of the relative abundance of the charged radical over time. The second-order rate constant
is obtained by using the equation 2.23.
The concentration of the neutral reagent ([R]) was obtained by determining its
true pressure by measuring the nominal pressure (P) with a Bayard-Alpert ion gauge,
correcting the measured value with two correction factors (C1 and C2), and applying the
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conversion factor 3.239 × 1016 (1 Torr = 3.239 × 1016 molecules/cm3) to convert the true
pressure of the neutral reagent into a concentration, as described by Equation 2.24.

Equation 2.25

.

The sensitivity of the ion gauges toward neutral molecules is affected by their
polarizability.57 Therefore, a correction factor

was needed that takes into account the

polarizability of the neutral reagents as shown in Equation 2.25,

.

wherein

Equation 2.26

.

is the ion gauge sensitivity correction factor and

is the polarizability of the

neutral reagent.
The Bayard-Alpert ion gauges were located about one meter above the cell of the
ICR where the reaction was occurring. Therefore, a correction factor

was needed to

account for the location of the ion gauge. This correction factor was obtained by
measuring the rate of an exothermic electron transfer reaction from the neutral reagent to
the radical cation of carbon disulfide. This reaction was assumed to occur at collision rate.
The correction factor obtained from this experiment is called ion gauge correction factor.
By taking

and

into account, the second-order reaction rate constant can be obtained

from Equation 2.24.
The reaction efficiency, defined as the percentage of collisions leading to the
reaction, can be calculated by Equation 2.27,
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100%

wherein

Equation 2.27

is the theoretical collision rate constant calculated by employing the

parameterized trajectory theory proposed by Su.58 The accuracy of the measured rate
constants is estimated to be 50% while the precision is less than 10%.
Besides reaction efficiencies, the branching ratios of primary products were
measured by dividing the abundance of each primary product by the sum of abundances
of all primary products. The primary products were distinguished from secondary
products based on their constant relative abundances at short reaction times. In some
cases, the precursors of secondary products were confirmed by isolating primary product
and examining their reactions.
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CHAPTER 3. SYNTHESIS OF MODEL COMPOUNDS

3.1 General Experimental Conditions
Most of the commercially available reagents were obtained from Sigma Aldrich
(St.Louis, MO) and used as received. The synthesized compounds were purified by
column chromatography on a Teledyne-ISCO CombiFlash with either a silica gel column
or a C18 column. All synthesized compounds were racemic. The synthesized tetrameric,
hexameric and octameric compounds with 5-5 linkages were used as a mixture of
diastereomers. These compounds were characterized by 1H-NMR, 13C-NMR and HRMS.
The reactions were performed under an argon atmosphere if needed. Solvents were
purified and/or predried if deemed necessary. Analytical thin-layer chromatography (TLC)
was used to monitor the reactions. Visualization was accomplished with UV light (254
nm). CDCl3 and acetone-d6 (with 2 drops of D2O) were used as the NMR solvent. 1H
NMR spectra were acquired on either a Varian Inova (at 300 MHz) or a Bruker ARX (at
400 MHz) instrument and the chemical shifts are reported relative to the residual solvent
peak. 13C NMR spectra were acquired on a Varian Inova (at 75 MHz) or a Bruker ARX
(at 100 MHz) instrument and the chemical shifts are reported in ppm relative to the
residual solvent peak. When reporting spectral data, the format (δ) chemical shift
(multiplicity, J values in Hz, integration) was used with the following abbreviations: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet. High resolution mass spectra
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are reported in units of m/z, and were acquired on a Thermo Scientific 7 Tesla LQIT/FTICR mass spectrometer under ESI positive or negative ion mode to obtain the exact mass.

3.2 Synthesis of Lignin Model Compounds 1-7 with -O-4 and/or 5-5 Linkages
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Figure 3.1 Synthesized lignin model compounds 1-7

3.2.1 Synthesis of Lignin Dimer 1
Three oxidative methods have been used in literature to construct 5-5’ linkages in
lignin model compounds. All these methods require 4-substituted 2-methoxyphenols as
starting material to give relative simple oxidation products. Marque et al. have reported
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the use of methyltributylammonium permanganate (MTBAP) as a mild oxidation
reagent.1 However, MTBAP has to be prepared every time before use since it is not stable
in air. Kilpeläinen et al. reported using horseradish peroxidase (HRP) for construction of
5-5 linkages.2 This method suffers from the high cost of the enzyme reagent. Instead,
potassium ferricyanide, reported as a mild and cheap oxidation reagent by Hyatt,3 was
chosen for these syntheses since it is readily available and it produced reproducible
results with fair yields. Starting from commercially available S0, compound 1 was
synthesized using the oxidation conditions reported by Hyatt 3 in good yield (Figure 3.2).

Figure 3.2 Synthesis of dimer 1

Compound 1: A solution of compound S0 (0.11 g, 0.79 mmol) in a mixture of 3
ml of EtOH and 0.2 ml of 10% NaOH was stirred at 0 °C. A solution of 0.32 g （0.99
mmol）K3Fe(CN)6 in 3 ml of water was added, followed by an additional 2 ml of EtOH
and 0.2 ml of 10% NaOH to facilitate stirring. After 2 hours at 0 °C, TLC analysis
indicated the completion of the reaction. The reaction mixture was diluted with 50 ml of
saturated NH4Cl, pH was adjusted to 5.5, and the mixture was extracted with EtOAc,
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dried over Na2SO4, concentrated in vacuo, and purified by auto-column (Hexane/AcOEt
2:1) to give 80 mg 1 (0.29 mmol, 73%) as white solid.
1

H NMR (400 MHz, CDCl3) δ 6.73 (d, J = 6.4 Hz, 4H), 6.00 (s, 2H), 3.91 (s, 6H), 2.34 (s,

6H). 13C NMR (100 MHz, CDCl3) δ 147.0, 140.3, 129.4, 124.3, 123.4, 111.2, 56.0
HRMS (ESI) Calcd. for C16H17O4: 273.1127 [M-H-], found: 273.1133.

3.2.2 Synthesis of Lignin Tetramer 2 and Dimer 5
The starting material S1 was prepared according to literature procedure.4 The
isomer S1 with anti-configuration of the stereocenters was used. It was subjected to the
oxidation conditions used by Hyatt3 to give S2 as a mixture of inseparable diastereomers.
S2 was not further purified and used as it is for next step. After deprotection of the
acetonide,4 tetrameric compound 2 was obtained. Dimer 5 was obtained through direct
deprotection of the acetonide group from S1 (Figure 3.3).
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Figure 3.3 Synthesis of tetramer 2 and dimer 5

Compound 2: A solution of compound S1 (0.13 g, 0.36 mmol) in a mixture of 1
ml of EtOH and 0.2 ml of 10% NaOH was stirred at 0 °C. A solution of 0.13 g （0.39
mmol） K3Fe(CN)6 in 1 ml of water was added, followed by an additional 1 ml of EtOH
and 0.2 ml of 10% NaOH. After 2 hours at 0 ℃, TLC analysis indicated the completion
of the reaction. The reaction mixture was diluted with 50 ml of saturated NH4Cl, pH was
adjusted to 5.5, the mixture was extracted with EtOAc, and the dried (Na2SO4) extract
was evaporated in vacuo to leave 0.11 g bright yellow syrup S2. Crude S2 was dissolved
in 4 ml acetone/H2O (1:1). Pyridinium p-toluenesulfonate (PPTS) (22 mg, 0.09 mmol)
was added. The mixture was stirred under reflux for 20 h. Then the solvent was removed
in vacuo. Compound 2 was purified by auto-column, using C18 reverse phase column
(acetonitrile/H2O) as colorless foam (50 mg, 0.078 mmol, yield 43%).
1

H NMR (400 MHz, Acetone-d6/D2O) δ 7.19 (s, 1H), 6.71-6.92 (m, 9H), 6.57 (m, 2H),

4.93 (d, J = 5.7 Hz, 1H), 4.79 (d, J = 6.0 Hz, 1H), , 4.36 (m, 1H), 4.26 (m, 1H), 3.85
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13

C NMR (100 MHz, Acetone-d6/D2O) δ 151.3, 151.2, 150.6, 149.3, 148.7, 146.4, 144.5,

138.1, 137.8, 133.51, 123.0, 122.9, 121.8, 120.2, 118.4, 118.2, 118.0, 113.4, 112.7, 111.5,
107.1, 85.5, 73.2, 61.6, 56.6, 56.2.
HRMS(ESI) Calcd. for C34H37O12: 637.2285 [M-H-], found: 637.2300.
Compound 5: 0.2 g (0.56 mmol) S1 was dissolved in 4 ml acetone/H2O (1:1).
Pyridinium p-toluenesulfonate (PPTS) (69 mg, 0.25 mmol) was added. The mixture was
stirred under reflux overnight. Then the solvent was removed in vacuo. 10 ml saturated
NaHCO3 was added and the mixture was extracted with EtOAc (10 ml x 3). The organic
layer was washed with brine, dried with Na2SO4 and concentrated in vacuo. The residue
was purified with flash chromatography (Hexane/AcOEt 1:5) to give 5 (0.16 g, 0.5 mmol,
yield 90%) as white foam.
1

H NMR (400 MHz, CDCl3) δ 7.04-7.01 (m, 1H), 6.86 (m, 6H), 5.92 (s, 1H), 5.06 – 4.83

(m, 1H), 4.14 (m, 1H), 3.89 (m, 1H), 3.83 (s, 3H), 3.81 (s, 3H), 3.78 (m, 1H), 3.66 (m,
1H), 3.10 m, 1H).
13

C NMR (100 MHz, CDCl3) δ 151.3, 146.8, 146.6, 145.0, 131.9, 123.9, 121.5, 120.5,

119.0, 114.2, 112.1, 108.7, 86.6, 72.7, 60.7, 55.8
HRMS(ESI) Calcd. for C17H19O6: 319.1182 [M-H-], found:319.1191.
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3.2.3 Synthesis of Lignin Hexame 3 and Trimer 6
Compound S8 was synthesized using procedures obtained from the literature
(Figure 3.4).

Starting from S1, compound S3 was obtained through nucleophilic

substitution with methyl -bromoacetate. The addition of compound S3 to aldehyde S4
was performed through the lithium enolate of S3 generated at -78 °C in dry THF yielding
a mixture of two diastereomers S5. The anti/syn selectivity observed in the addition of
the enolate to S3 was 4:1 according to NMR. Since these two diastereomers could not be
separated, the diastereomer mixture was used for the next step. The reduction of the
methyl ester functionality of S5 with NaBH4 at room temperature afforded the protected
trimeric -O-4 compound S6 in quantitative yield. The use of 2, 2-dimethoxypropane
(DMP) and camphorsulfonic acid formed a dioxane product, from which the anti-isomer
S7 could be separated. S8 was obtained through hydrogenation. The trimeric 5 was
synthesized by deprotection of the acetonide group. The hexameric S9 was obtained
using same oxidative coupling procedure.3 The final hexameric compound 3 was
synthesized after global deprotection of acetonide group.
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Figure 3.4 Synthesis of hexameric compound 3 and trimeric compound 6

Compound S3: To a solution of S1 (4.8 g, 13.3 mmol) in dry acetone (120 ml),
methyl -bromoacetate (3.0 g, 20.0 mmol, 1.9 ml) and anhydrous K2CO3 (2.7 g, 20.0
mmol) were added at room temperature. The mixture was refluxed overnight, then filtered,
washed with AcOEt and the filtrate was concentrated to give yellowish oil, which was
purified by chromatography (hexane/AcOEt 2:1) to give colorless syrup (5.0 g, 11.6
mmol, yield 88 %).
1

H NMR (400 MHz, CDCl3) δ 7.09 – 7.00 (m, 2H), 6.91 – 6.66 (m, 4H), 6.47 (dd, J = 8.0,

1.4 Hz, 1H), 4.91 (d, J = 8.7 Hz, 1H), 4.64 (s, 2H), 4.27 – 4.10 (m, 2H), 4.06 – 3.94 (m,
1H), 3.83 (s, 3H), 3.75 (s, 3H), 3.74 (s, 3H), 1.63 (s, 3H), 1.50 (s, 3H).
13

C NMR (100 MHz, CDCl3) δ 214.4, 169.3, 150.3, 149.2, 146.8, 133.6, 122.7, 120.7,

119.5, 117.4, 113.9, 112.0, 111.2, 99.4, 74.3, 66.4, 62.8, 55.7, 55.6, 52.1, 28.4, 19.6
HRMS(ESI) Calcd. for C23H28O8Na: 455.1682 [M+Na+], found: 455.1681.
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Compound S5: n-Butyllithium (1.4 ml of a 2.5 M solution in hexanes, 3.5 mmol)
was added at 0 °C to a solution of diisopropylamine (0.49 ml, 3.5 mmol) in dry THF (10
ml). After 20 min at 0 °C, a solution of S3 (0.95 g, 2.2 mmol) in dry THF (5 ml) was
added at -78 °C, followed by, after 10 min, a solution of S4 (0.53 g, 2.2 mmol) in dry
THF (5 ml). After 1h at -78 °C, saturated aqueous NH4Cl (20 ml) was added and the
mixture extracted with AcOEt (3 × 20 ml). The combined extracts were dried over
Na2SO4, filtered and concentrated to give a viscous oil consisting of a mixture of the two
inseparable diastereomeric compounds in 4:1 ratio (0.91 g, 1.4 mmol, yield after
purification 61%, hexane:AcOEt 1:1).
1

H NMR (400 MHz, CDCl3) δ 7.47 – 7.22 (m, 5H), 7.05 – 6.45 (m, 10H), 5.12 (s, 2H),

4.90 (d, J = 8.5 Hz, 1H), 4.63 (dd, J = 5.3, 3.0 Hz, 1H), 4.22 – 4.07 (m, 2H), 3.86 (s, 3H),
3.77 (s, 3H), 3.76 – 3.72 (m, 6H), 3.72 (s, 6H), 3.63 (d, J = 2.7 Hz, 1H), 1.62 (s, 3H),
1.50 (s, 3H).
13

C NMR (100 MHz, CDCl3) δ 190.4, 170.7, 169.9, 168.4, 167.3, 157.6, 155.6, 152.7,

149.0, 148.3, 147.7, 143.3, 141.3, 140.5, 139.5, 138.8, 137.9, 134.0, 132.6, 132.1, 131.0,
119.9, 104.4, 94.9, 94.2, 91.4, 83.3, 76.2, 72.5, 49.0, 40.2.
HRMS (ESI) Calcd. for C38H42O11Na: 697.2625 [M+Na+], found: 697.2647.
Compound S6: To a solution of S5 (0.86 g, 1.2 mmol) in THF–H2O 3: 1 (16 ml),
NaBH4 (0.48 g, 12 mmol) was added at room temperature portionwise over a period of 3
h. After 24 h at room temperature, water (20 ml) was added, the aqueous solution
extracted with AcOEt (3 × 20 ml), the combined extracts washed with water, dried over
Na2SO4, filtered and concentrated to give the crude product S6 as white foam (0.74 g, 1.1
mmol, yield 90 %), which was used for the next reaction step without purification.
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1

H NMR (400 MHz, CDCl3) δ 7.46 – 7.26 (m, 5H), 7.42 – 6.45 (m, 10H), 5.12 (s, 2H),

4.98 – 4.86 (m, 2H), 4.23 – 3.97 (m, 3H), 3.85 (s, 3H), 3.81 (s, 3H), 3.73 (s, 3H), 3.69 –
3.55 (m, 2H), 2.80 (m, 1H), 1.64 (s, 3H), 1.52 (s, 3H).
13

C NMR (101 MHz, CDCl3) δ = 151.1, 150.2, 149.6, 147.9, 147.4, 146.8, 146.4, 137.0,

135.3, 132.9, 128.4, 127.7, 127.1, 122.7, 120.5, 120.3, 118.1, 117.2, 113.8, 112.0, 109.6,
99.4, 87.4, 74.3, 72.7, 70.9, 62.7, 60.5, 55.9, 55.7, 55.6, 28.4, 19.4.
HRMS (ESI) Calcd. for C37H42O10Na: 669.2676 [M+Na+], found: 699.2689.
Compound S7: Camphorsulfonic acid (5.5 mg, 0.023 mmol) was added to a
solution of S6 (0.18 g, 0.28 mmol) and 2,2-dimethoxypropane (DMP) (0.17 ml, 1.4 mmol)
in dry acetone (3 ml). The mixture was stirred overnight. After the completion of the
reaction, 5 ml of saturated aqueous NaHCO3 was added. The solution was extracted with
AcOEt (3 x 10 ml). The organic phases were combined, washed with brine, dried over
Na2SO4, filtered and concentrated to give a mixture of diastereomers. The anti-isomer S7
was isolated by chromatography (hexane:AcOEt 3:1) to give a colorless oil (0.14 g, 0.2
mmol, yield 74% ).
1

H NMR (400 MHz, CDCl3) δ 7.42-7.28 (m, 5H), 7.05 – 6.42 (m, 10H), 5.13 (s, 2H),

4.87 (dd, J = 17.6, 8.5 Hz, 2H), 4.15-4.08 (m, 4H), 4.04 – 3.91 (m, 2H), 3.85 (s, 3H),
3.71 (s, 3H), 3.69 (s, 3H), 1.62 (s, 6H), 1.50 (s, 6H).
13

C NMR (101 MHz, CDCl3) δ 150.3, 145.0, 149.3, 147.8, 146.8, 137.1, 133.7, 132.4,

128.4, 127.7, 127.1, 122.7, 120.6, 119.7, 119.4, 117.4, 116.9, 116.7, 113.7, 112.0, 111.3,
111.0, 99.4, 74.3, 70.9, 62.7, 55.8, 55.5, 28.4, 19.6.
HRMS (ESI) Calcd. for C40H46O10Na: 709.2989 [M+Na+], found: 709.3003.
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Compound S8: A solution of S7 (0.25 g, 0.36 mmol) in EtOH (4 ml) was added
to 10% Pd/C (25 mg) and hydrogenated at atmospheric pressure and 20 °C for 5 h. The
solution was filtered over Celite and concentrated in vacuo to give S8 as colorless syrup
(0.19 g, 0.32 mmol, 89%), which was used for the next reaction step without purification.
1

H NMR (400 MHz, CDCl3) δ 7.03-6.45 (m, 10H), 5.72 (brs, 1H), 4.87 (dd, J = 15.5, 8.5

Hz, 2H), 4.18 – 4.06 (m, 4H), 3.97 (dd, J = 17.3, 6.4 Hz, 2H), 3.79 (d, J = 2.9 Hz, 3H),
3.70 (s, 3H), 3.68 (s, 3H), 1.63 (s, 3H), 1.61 (s, 3H), 1.51 (s, 3H), 1.49 (s, 3H).
13

C NMR (101 MHz, CDCl3) δ 150.3, 149.9, 146.8, 146.2, 145.4, 133.6, 131.1, 122.6,

120.6, 120.3, 119.8, 116.7, 116.6, 114.0, 112.0, 111.4, 111.3, 109.9, 99.4, 74.3, 62.7, 55.6,
28.4, 19.6.
HRMS (ESI) Calcd. for C33H40O10Na: 619.2519 [M+Na+], found: 619.2530.
Compound 6: To a solution of S8 (0.23 g, 0.39 mmol) in acetone–H2O 1:1 (4 ml),
PPTS (48 mg, 0.19 mmol) was added at room temperature and the mixture was heated at
reflux for 20 h. Acetone was removed in vacuo to give an oil which was purified by flash
chromatography on silica gel (CH2Cl2:EtOH 20:1) to give pure 6 (166 mg, 0.31 mmol,
yield 83%).
1

H NMR (400 MHz, Acetone-d6/D2O) δ 7.09-6.75 (m, 10H), 4.89-4.89 (m, 2H), 4.34-

4.31 (m, 2H), 3.82-3.80 (m, 4H), 3.75 (s, 9H)
13

C NMR (100 MHz, Acetone-d6/D2O) δ 151.2, 150.9, 148.6, 148.0, 147.8, 146.5, 136.7,

134.0, 123.0, 121.9, 120.4, 118.4, 117.8, 115.3, 113.4, 112.2, 111.6, 85.6, 73.3, 61.4, 56.2
HRMS (ESI) Calcd. for C27H31O10: 515.1917 [M-H-], found: 515.1928.
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Compound 3: A solution of compound S8 0.18 g (0.3 mmol) in a mixture of 1 ml
of EtOH and 0.2ml of 10% NaOH was stirred at 0

. A solution of 0.124 g （0.38

mmol）K3Fe(CN)6 in 1ml of water was added, followed by an additional 1 ml of EtOH
and 0.2ml of 10% NaOH to facilitate stirring. After 2 hours at 0 ℃, TLC analysis
disclosed the disappearance of S8. The reaction mixture was diluted with 50 ml of
saturated NH4Cl, adjusted to pH 5.5, extracted with EtOAc, and the dried (Na2SO4)
extract was evaporated in vacuo to leave 0.15g yellow syrup S9. Crude S9 was dissolved
in 4 ml acetone/H2O (1:1). Pyridinium p-toluenesulfonate (PPTS) (20mg, 0.08 mmol)
was added. The mixture was stirred under reflux for 20h. Then the solvent was removed
in vacuo. Compound 3 was purified by auto-column (C18 reversed phase column;
acetonitrile/H2O) as colorless foam (45 mg, 28%).
1

H NMR (400 MHz, Acetone-d6/D2O) δ 7.29 – 6.41 (m, 18H), 4.87-4.76 (m, 4H), 4.31-

4.19 (m, 4H), 3.94 – 3.56 (m, 26H)
13

C NMR (100 MHz, Acetone-d6/D2O) δ 151.29, 150.82, 150.66, 149.29, 148.68, 147.69,

146.30, 144.62, 138.23, 137.66, 136.66, 133.49, 122.93, 120.17, 118.38, 117.74, 113.34,
112.22, 111.32, 107.04, 85.47, 73.21, 61.41, 56.23.
HRMS (ESI) Calcd. for C54H61O20: 1029.3756 [M-H-], found: 1029.3765.
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3.2.4 Synthesis of Lignin Octamer 4 and Tetramer 7
A convergent synthesis of lignin tetrameric precursor S11 was used (Figure 3.5).3
A previous study used a stepwise synthesis5 with longer synthetic steps. The
condensation of two dimeric units S3 and S10 gave S11 in good yield. S10 (the antiisomer) was synthesized according to a literature procedure.5 The remaining steps were
similar as the synthesis of previous trimer 6.5 S11 was obtained as an inseparable mixture
of two diastereomers (anti/syn ratio 4:1 according to NMR), which was then reduced with
NaBH4 at room temperature to yield S12 in excellent yield. The anti-isomer S13 was
isolated after the 1,3-diol was protected with acetonide group. S14 was obtained in good
yield by hydrogenation. The tetramer 7 was obtained after deprotection under acidic
condition. The octamer 4 was synthesized following the same procedure as above.
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Figure 3.5 Synthesis of octamer 4 and hexamer 7

Compound S11: n-Butyllithium (1.5 ml of a 2.5 M solution in hexanes, 3.5 mmol)
was added at 0 °C to a solution of diisopropylamine (0.49 ml, 3.5 mmol) in dry THF (15
ml). After 20 min at 0 °C, a solution of S3 (1 g, 2.3 mmol) in dry THF (5 ml) was added
at -78°C followed by, after 10 min, a solution of S10 (1.1 g, 2.3 mmol) in dry THF (5 ml).
After 1h at -78 °C, saturated aqueous NH4Cl (30 ml) was added and the mixture extracted
with AcOEt (3 × 20 ml). The combined extracts were dried over Na2SO4, filtered and
concentrated to give viscous oil consisting of a mixture of the two inseparable
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diastereomeric (syn/anti 4:1) compounds. (1.6 g, 1.7 mmol, yield after purification 73%,
hexane:AcOEt 1:1).
1

H NMR (400 MHz, CDCl3) δ7.46-7.40 (m, 5H), 7.04-6.66 (m, 11H), 6.47-6.41 (m, 2H),

5.11 (s, 2H), 5.05 – 4.97 (m, 1H), 4.94 – 4.82 (m, 2H), 4.66 – 4.56 (m, 1H), 4.13 (m, 4H),
4.04 – 3.92 (m, 2H), 3.84 (s, 1H), 3.76 (s, 1H), 3.71 (s, 6H), 3.60 (s, 3H), 1.62 (s, 6H),
1.49 (s, 6H).
13

C NMR (100 MHz, CDCl3) δ 169.6, 150.1, 149.4, 147.9, 146.8, 137.2, 135.3, 133.7,

132.4, 128.5, 127.7, 127.2, 122.8, 120.7, 120.0, 119.6, 119.0, 118.6, 117.3, 116.9, 113.8,
112.1, 111.6, 111.1, 110.7, 99.4, 83.9, 74.4, 73.5, 70.9, 62.8, 55.9, 55.7, 52.0, 28.4, 19.7.
HRMS (ESI) Calcd. for C51H58O15Na: 933.3673 [M+Na+], found: 933.3733.
Compound S12: NaBH4 (0.47 g, 12.4 mmol) was added at room temperature
portionwise during 3 h to a solution of S12 (1.6 g, 1.7 mmol) in THF: H2O 3:1 (40 ml).
After 24 h at room temperature under stirring, 50 ml H2O was added and the solution was
extracted with AcOEt. The combined organic extracts were dried over Na2SO4, filtered
and the solvent was evaporated to give compound S12 as white foam (1.4 g, 1.6 mol,
yield 90%) sufficiently pure to be used as such in the following step.
1

H NMR (400 MHz, CDCl3) δ7.40-7.28 (m, 5H), 7.08-6.60 (m, 10H), 6.49-6.41 (m, 3H),

5.10 (s, 2H), 4.96 – 4.91 (m, 1H), 4.90 – 4.85 (m, 1H), 4.85 – 4.81 (m, 1H), 4.17-4.10 (m,
4H), 4.03-3.99 (m, 4H), 3.84 (s, 3H), 3.80 (s, 3H), 3.73 (s, 3H), 3.70 (s, 3H), 3.58 – 3.46
(m, 1H), 1.64 (s, 3H), 1.63 (s, 3H), 1.52 (s, 3H), 1.50 (s, 3H).
13

C NMR (100 MHz, CDCl3) δ 151.2, 150.3, 150.2, 149.3, 147.8, 146.8, 146.3, 137.1,

135.4, 134.4, 132.2, 128.4, 127.7, 127.1, 122.7, 120.6, 120.4, 119.7, 118.1, 117.3, 117.2,
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113.7, 112.0, 111.4, 111.3, 111.1, 109.8, 99.4, 87.3, 74.5, 72.2, 70.8, 62.7, 60.4, 55.6,
28.4, 19.6.
HRMS (ESI) Calcd. for C50H58O14Na: 905.3724 [M+Na+], found: 905.3780.
Compound S13: Camphorsulfonic acid (28 mg, 0.11 mmol) was added to a
solution of S12 (1.24 g, 1.4 mmol) and 2, 2-dimethoxypropane (DMP) (0.86 ml, 7 mmol)
in dry acetone (25 ml). The mixture was stirred overnight. After the completion of the
reaction, 20 ml of saturated aqueous NaHCO3 was added. The solution was extracted
with AcOEt (3 x 20ml). The organic phases were combined, washed with brine, dried
over Na2SO4, filtered and concentrated to give a mixture of diastereomers. The antiisomer S13 could be isolated by chromatography (hexane:AcOEt 3:1) to give a colorless
oil (0.8 g, 0.87 mmol, yield 62%).
1

H NMR (400 MHz, CDCl3) δ 7.42-7.28 (m, 5H), 7.07-6.63 (m, 10H), 6.47-6.42 (m, 3H),

5.12 (s, 2H), 4.92 – 4.88 (m, 1H), 4.85 (d, J = 8.5 Hz, 1H), 4.14-4.07 (m, 6H), 4.01-3.95
(m, 3H), 3.85 (s, 3H), 3.70 (s, 3H), 3.68 (s, 6H), 1.63 (s, 3H), 1.62 (s, 3H), 1.61 (s, 3H),
1.51 (s, 3H), 1.50 (s, 6H).
13

C NMR (100 MHz, CDCl3) δ 150.3, 150.0, 149.4, 147.8, 146.7, 146.6, 137.2, 133.9,

133.7, 132.4, 128.4, 127.6, 127.1, 122.7, 120.6, 119.6, 119.3, 117.2, 116.6, 116.5, 113.8,
112.0, 111.4, 111.1, 99.4, 74.3, 74.0, 70.9, 62.7, 55.8, 55.6, 28.4, 19.6.
HRMS (ESI) Calcd. for C53H62O14Na: 945.4037 [M+Na+], found: 945.4098.
Compound S14: A solution of S13 (0.8 g, 0.87 mmol) in EtOH (10 ml) was
added to 10% Pd/C (80 mg) and hydrogenated at atmospheric pressure at 20 °C for 5 h.
The solution was filtered over Celite and concentrated in vacuo to give S14 as colorless
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syrup (0.59 g, 0.71 mmol, 82%), which was used for the next reaction step without
purification.
1

H NMR (400 MHz, CDCl3) δ 6.99-6.66 (m, 10H), 6.46-6.34 (m, 3H), 5.85 (brs, 1H),

4.99-4.84 (m, 3H), 4.12-4.06 (m, 6H), 4.01 – 3.94 (m, 3H), 3.75 – 3.61 (m, 13H), 1.62 (s,
3H), 1.59 (s, 6H), 1.50 (s, 3H), 1.48 (s, 6H).
13

C NMR (100 MHz, CDCl3) δ 150.3, 149.9, 146.8, 146.3, 145.4, 133.6, 131.0, 122.6,

120.6, 120.3, 119.8, 119.5, 117.3, 116.7, 116.3, 114.1, 112.0, 111.3, 109.9, 99.3, 74.46,
62.7, 55.6, 28.4, 19.6.
HRMS (ESI) Calcd. for C46H56O14Na: 855.3568 [M+Na+], found: 855.3613.
Compound 7: To a solution of S14 (0.2 g, 0.24 mmol) in acetone–H2O 1:1 (4 ml),
PPTS (30 mg, 0.12 mmol) was added at room temperature and the mixture was refluxed
for 20 h. Acetone was removed in vacuo to give an oil which was purified by flash
chromatography on silica gel (CH2Cl2: EtOH 20:1) to give pure 7 (140 mg, 0.2 mmol,
yield 82%).
1

H NMR (400 MHz, Acetone-d6) δ 7.68 (brs, 1H), 7.10 (s, 3H), 6.96-6.76 (m, 10H), 4.90

(m, 4H), 4.77 (brs, 1H), 4.31 (s, 3H), 4.06 (brs, 1H), 3.85-3.81 (m, 4H), 3.76 (s, 12H),
3.71-3.68 (m, 2H), 3.32 (brs, 4H).
13

C NMR (100 MHz, Acetone-d6) δ 151.6, 151.2, 148.8, 148.0, 146.5, 137.0, 134.1,

123.2, 121.9, 120.3, 119.0, 118.3, 115.2, 113.4, 112.3, 111.4, 86.0, 73.5, 61.6, 56.2
HRMS (ESI) Calcd. for C37H43O14: 711.2653 [M-H-], found: 711.2668.
Compound 4: A solution of compound S14 (0.11 g, 0.3 mmol) in a mixture of 2
ml of EtOH and 0.2 ml of 10% NaOH was stirred at 0 °C. A solution of 0.54 mg（0.38
mmol）K3Fe(CN)6 in 1ml of water was added, followed by an additional 2 ml of EtOH
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and 0.2 ml of 10% NaOH. After 2 hours at 0 °C, TLC analysis disclosed the loss of S14.
The reaction mixture was diluted with 50 ml of saturated NH4Cl, pH was adjusted to 5.5,
extracted with EtOAc, and the dried (Na2SO4) extract was evaporated in vacuo to leave
0.11 g yellow syrup S15. Crude S15 was dissolved in 4 ml acetone/H2O (1:1). Pyridinium
p-toluenesulfonate (PPTS) 21 mg (0.08 mmol) was added. The mixture was stirred under
reflux for 20 h. Then the solvent was removed in vacuo. Compound 4 was purified by
auto-column (C18 reversed phase column; acetonitrile/H2O) as colorless foam (35 mg,
0.025 mmol, 37%).
1

H NMR (400 MHz, Acetone-d6/D2O) δ 7.05-6.72 (m, 24H), 4.89 – 4.75 (m, 6H), 4.32 –

4.22 (m, 6H), 3.78-3.68 (m, 36H)
13

C NMR (100 MHz, Acetone-d6/D2O) δ 151.3, 150.6, 150.0, 148.6, 147.6, 138.2, 137.6,

136.42, 127.5, 122.9, 121.8, 120.3, 118.1, 117.4, 113.3, 112.2, 85.2, 73.1, 61.4, 56.2
HRMS (ESI) Calcd. for C74H85O28: 1421.5227 [M-H-], found: 1421.5244.

3.3 Synthesis of 3-13C Labeled Cellubiose Model Compound 8

Figure 3.6 Synthesis of 13C labeled cellubiose 8.
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1,2,3,4,6-Penta-O-acetyl-3-13C-β-D-glucopyranoside (S16)6,7 To a solution of
acetic anhydride (6 mL) was added sodium acetate trihydrate (1.13 g, 8.3 mmol, 3 eq).
The mixture was refluxed at 90°C for 20 minutes and the labeled D-glucose (0.5 g, 2.8
mmol) was added and stirred for 4 hours. The mixture was concentrated, dissolved in
methanol, and recrystallized with cold water. A white solid was filtered and dried to
afford S16 (1.00 g, 92%), 1H NMR (400 Hz, CDCl3, δ): 2.02, 2.03, 2.04, 2.09, 2.12 (s,
15H; CH3), 3.84-3.87 (m, 1H, CH), 4.10-4.13 (m, 1H, CH2), 4.28-4.32 (dd, 1H, J1=8,
J2=4; CH), 5.04-5.09 (d, 1H, J=8; CH), 5.13-5.17 (m, 1H, CH), 5.72-5.74 (d, 1H, J=8;
CH), 13C NMR (100 Hz, CDCl3, δ): 13C NMR (101 MHz, CDCl3) δ 191.01, 190.51,
189.81, 189.37, 112.17, 109.50, 98.08, 97.22, 93.23, 90.28, 81.88, 41.13, 20.82. HRMS
(ESI) Calcd. for 13CC15H22O11Na: 414.1093 [M+Na]+, found: 414.1086.
Benzyl 2,3,4,6-tetra-O-acetyl-3-13C-β-D-glucopyranoside (S17)8 To a solution
of penta-O-acetyl glucose S16 (1.00 g, 2.56 mmol) and benzyl alcohol (0.61 mL, 5.60
mmol) in anhydrous CH2Cl2 (10 mL) was added BF3•Et2O (0.41 mL, 3.33 mmol). The
reaction mixture was stirred at RT for 24 h and diluted with 5% aq. NaHCO3 (10 mL).
The organic layer was separated, washed sequentially with aq. NaHCO3 (10 mL) and
water (10 mL), dried over Na2SO4, and concentrated. The crude product was
recrystallized from EtOH to give the title compound S17 (0.55 g, 49%). 1H NMR (400
Hz, CDCl3, δ): 7.39-7.27 (5H, m, Ar-H), 5.13-4.99 (3H, m, CH, C2, C3 & C4), 4.88 (1H,
d, J = 12, CH2), 4.61 (1H, d, J = 12, CH2), 4.60 (1H, d, J =8, CH, C1), 4.30 (1H,
dd, J = 12, 4, CH, C6), 4.19 (1H, dd, J = 12, 2, CH, C6), 3.67-3.64 (1H, m, CH, C5),
2.09 (3H, s, CH3), 2.00 (3H, s, CH3), 1.99 (3H, s, CH3), 1.98 (3H, s, CH3), 13C NMR
(100 Hz, CDCl3, δ): 13C NMR (101 MHz, ) δ 170.55, 169.29, 136.55, 128.36, 127.84,
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99.20, 76.97, 76.65, 72.73, 71.44, 70.63, 70.09, 61.82, 20.50. HRMS (ESI) Calcd. for
13

CC20H26O10Na: 462.1424 [M+Na]+, found: 462.1410.
Benzyl-3-13C-β-D-glucopyranoside (S18)8 A mixture of benzyl 2,3,4,6-tetra-O-

acetyl-β-D-glucopyranoside (0.896 g, 2.50 mmol), MeOH (16 mL), triethylamine (2 mL)
and H2O (2 mL) was stirred for 5 h. The reaction was concentrated in vacuo and the
resulting residue was purified by chromatography to give the title compound (0.44 g,
81%). 1H NMR (400 Hz, CD3OD, δ): 7.43-7.25 (5H, m, Ar-H), 4.92 (1H, d, J = 12, CH2),
4.65(1H, d, J = 12, CH2), 4.36 (1H, d, J = 8 Hz, CH, C1), 3.89 (1H, dd, J = 12, 2, CH,
C6), 3.70 (1H, dd, J = 12, 6, CH, C6), 3.35-3.15 (4H, m, CH, C2, C3, C4 & C5);

13

C

NMR (100 Hz, CDCl3, δ): 139.05, 129.20, 128.71, 103.28, 78.05, 75.09, 74.88, 74.09,
71.75, 71.44, 62.82. HRMS (ESI) Calcd. for 13CC13H18O6Na: 294.1030 [M+Na]+, found:
294.0988.
Benzyl 4,6-O-benzylidene-3-13C-β-D-glucopyranoside (S19)8 To a mixture of
benzyl β-D-glucopyranoside (0.21 g, 0.78 mmol) and benzaldehyde dimethylacetal (0.14
mL, 0.94 mmol) in DMF (2 mL) at RT was added TsOH·H2O (37 mg, 0.195 mmol). The
reaction mixture was stirred for 5 min before heating to 80 °C and stirring for 2.5 h. The
mixture was cooled to RT and subsequently concentrated at reduced pressure. The
resulting residue was partitioned between CH2Cl2 (20 mL) and satd. Na2CO3 (20 mL).
The layers were separated and the aqueous layer was extracted with CH2Cl2 (3 × 10 mL).
The combined organic layers were washed with water (2 x 10 mL) and brine (10 mL),
dried over MgSO4 and concentrated. Purification of the resulting residue by flash
chromatography (EtOAc-Hexane, 1:1) provided the desired product (0.21 g, 75%) as a
white solid. 1H NMR (400 Hz, CDCl3, δ): 7.50-7.48 (2H, m, Ar-H), 7.37-7.29 (8H, m,
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Ar-H), 5.46 (1H, s, CH, C7), 4.88 (1H, d, J = 12, CH2), 4.59 (1H, d, J = 12, CH2), 4.53
(1H, d, J = 8, CH, C1), 4.31 (1H, dd, J = 8, 4, CH, C4), 3.59-3.76 (2H, m, CH, C6, C3),
3.63-3.58 (4H, m, CH, C6, C2 and 2OH), 3.35-3.30 (1H, m, CH, C5); 13C NMR (100 Hz,
CDCl3, δ): 136.99, 136.78, 129.16, 128.48, 128.08, 128.02, 126.30, 102.19, 101.76,
80.60, 80.19, 77.35, 77.03, 76.71, 74.59, 74.19, 72.97, 72.75, 71.23, 68.54, 66.24. HRMS
(ESI) Calcd. for 13CC20H22O6Na: 382.1314 [M+Na]+, found: 382.1310.
4, 6-O-Benzylidene-1, 2, 3-tri-O-benzyl-3-13C--D-glucopyranoside (S20)9 The
partially protected S4 (0.21 g, 0.58 mmol) was added to anhydrous DMF (2 ml) and the
mixture was stirred at 0

for 30 min. NaH in mineral oil (60%) (94 mg, 2.32 mmol) was

then added under argon in small portions over 30 min, with the temperature being
maintained at 0℃. Tetrabutyl ammonium iodide (54 mg, 0.14 mmol) was then added and
the mixture was stirred for 2 h at 0 ℃. Benzyl bromide (0.21 ml, 1.74 mmol) was then
added slowly. The reaction mixture was stirred at 0

for a further 30 min, and was

allowed to warm to room temperature and was stirred for 24 h. Methanol was added
slowly to destroy the excess NaH and the solvents were then removed in vacuo. The
residue was subjected to column chromatography (hexane/ethyl acetate: 3:2) to furnish
S5 as a pale yellow oil (0.3 g, 81%). 1H NMR (400 Hz, CDCl3, δ): 7.48-7.34 (20H, m,
Ar-H), 5.65 (1H, s, CH, C7), 5.04-4.71 (8H, m, CH, CH2), 4.48-4.44 (1H, dd, J=8, 4, CH,
C4), 3.92-3.76 (2H, m, CH, C6, C3), 3.66-3.60 (2H, m, CH, C6, C2), 3.53-3.48 (1H, m,
CH, C5); 13C NMR (100 Hz, CDCl3, δ): 138.54, 137.11, 129.02, 128.29, 127.61, 126.02,
103.06, 101.13, 80.94, 80.71, 77.39, 76.75, 75.39, 75.10, 71.55, 68.78, 66.05. HRMS
(ESI) Calcd. for 13CC34H34O6Na: 562.2253 [M+Na]+, found: 562.2227.
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1,2,3,6-Tetra-O-benzyl-3-13C--D-glucopyranoside (S21)9 Triethylsilane (0.27
mL, 1.68 mM) and trifluoroacetic acid (0.13 mL, 1.68 mmol) were added to a solution of
S5 (0.3 g, 0.56 mmol) in anhydrous CH2Cl2 (10 mL) at 0℃. The solution was stirred at
RT for 6 h. The reaction mixture was diluted with EtOAc (approx. 20 mL), neutralized
with saturated aq NaHCO3 and brine, dried over Na2SO4, and evaporated to dryness. The
residue was purified by flash column chromatography (3:10 EtOAc–Hexane) to get S21
(0.2 g, 60%) as colorless oil. 1H NMR (400 Hz, CDCl3, δ): 7.45-7.29 (20H, m, Ar-H),
5.02-4.64 (8H, m, CH2), 4.58 (1H, d, J=8, CH, C1), 3.86-3.48 (6H, m, CH, CH2, ring
CH ), 2.60 (1H, s, OH);

13

C NMR (100 Hz, CDCl3, δ): 138.60, 138.33, 137.45, 128.12,

127.77, 102.53, 84.27, 84.05, 83.83, 82.45, 81.65, 81.36, 77.33, 77.01, 76.69, 75.22,
74.74, 74.11, 73.61, 71.66, 71.26, 71.11, 70.21. HRMS (ESI) Calcd. for 13CC34H36O6Na:
564.2433 [M+Na]+, found: 564.2465.
2,3,4,6-Tetra-O-benzyl--D-glucopyranosyl-(1-4)-1,2,3,6-tetra-O-benzyl-313

C--D-gluco-pyranoside (S23)9 To a solution of S21 (0.1 g, 0.18 mmol) and S22 (0.12

g, 0.18 mmol) in anhydrous CH2Cl2 (5 mL) was added BF3•Et2O (3 L, 0.018 mmol) at 72℃. After the solution was stirred at -72 ℃for 1 h, the reaction mixture was neutralized
with triethylamine. The residue was purified by flash column chromatography (1:8
EtOAc–Hexane) to give S8 (a mixture of  and  isomers ) (: = 1: 3) (0.12g, 55%) as a
colorless syrup. 1H NMR (400 Hz, CDCl3, δ): 7.42-7.19 (40H, m, Ar-H), 5.15-4.46 (18H,
m, CH, PhCH2, C1, C1’), 3.92-3.35 (12H, m, CH, CH2, ring CH );

13

C NMR (100 Hz,

CDCl3, δ): 139.32, 138.59, 137.55, 128.33, 127.85, 127.54, 102.42, 84.77, 83.08, 78.00,

74
77.33, 76.69, 75.47, 74.94, 73.24, 70.89, 69.02, 68.19. HRMS (ESI) Calcd. for
13

CC68H70O11Na: 1086.4849 [M+Na]+, found: 1086.4846.
3-13C--D –Cellobiose (8)9 A solution of S23 (0.12 g, 1.15 mmol) in MeOH (10

mL) was hydrogenated in the presence of 10% Pd/C (15 mg) at atmospheric pressure at
RT for 36 h. After the catalyst was filtered oﬀ, the reaction mixture was evaporated to
give 8 (: = 1: 3) (34 mg, 87%) as a colorless solid. 1H NMR (400 Hz, D2O, δ): 4.56
(1H, d, J=8, CH, C1’), 4.41(1H, d, J=8, CH, C1), 3.83-3.15 (12H, m, CH, CH2, ring CH );
13

C NMR (100 Hz, D2O, δ): 13C NMR (101 MHz, D2O) δ 103.13, 96.33, 92.39, 76.79,

74.87, 73.81, 72.12, 70.68, 70.03, 61.05, 60.51. HRMS (ESI) Calcd. for 13CC12H22O11Na:
366.1060 [M+Na]+, found: 366.1068.

3.4 Synthesis of Acridine-Based Radical Precusors
Five acridine compounds (9-13) were synthesized according to the literature
procedures (Figure 3.7).10-12 Starting from acridone S24, S25 and S26 were synthesized
using ICl in heated acetic acid. The iodo group on the 9 position was introduced on the 9
position through the nucleophilic substitution of the triflate unit. The ketone group was
reduced using literature procedure.12 All compounds were characterized by H1 and C13
NMR.
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Figure 3.7 Synthesis of acridine model compounds 9-13.

2,7,9-Triiodoacridine (9): 1g pure acridone S24 and 0.5 ml ICl were added into a
boiling solution of 100 ml acetic acid. The mixture was refluxed for 48 hours. The
mixture, still hot, was filtered. The undissolved substance was dried after washing with
dilute sodium thiosulphate solution and water. The solid compound was extracted with
hot acetic acid (2 X 150 ml). The remaining yellow solid was 2,7-diiodoacridone (S25)
(1.5 g, 65%), which was used for the next step without further purification. 0.5 g S25 was
suspended in 20 ml CH2Cl2. 0.19ml Tf2O was added at 0 °C. The resulting mixture was
stirred at r. t. for 2h. The solvent was evaporated in vacuo. The remaining solid was
dissolved in 30 ml CH3CN. 0.25 g NaI and 0.3 ml diisopropylamine were added into the
mixture. The mixture was stirred at r. t. for 24h. After the completion of the reaction,
CH3CN was evaporated. The remaining solid was extracted with CH2Cl2 and washed
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with water and dilute sodium thiosulphate. The organic layer was concentrated and the
resulting product was purified by flash chromatography to obtain 0.45g 9 (72%).
1

H-NMR (CDCl3, 400MHz) d, 2H, J = 9.1 Hz), 8.00 (dd, 2H, J1 = 9.0 Hz, J2 =

1.8 Hz ), 8.74 d, 2H, J = 1.8 Hz),

13

C NMR (CDCl3, 100MHz) , 115.9, 131.3,

139.4, 141.7, 147.2.
2, 9-Diiodoacridine (10): 1g pure acridone S24 and 0.5 ml ICl were added into a
boiling solution of 100 ml acetic acid. The mixture was refluxed for 4 hours. The mixture,
still hot, was filtered. The mother liquor was cooled. The precipitate was filtered and
washed with water and dilute sodium thiosulphate and dried to obtain 2- diiodo-acridone
(S27) (0.8 g, 50%), which was used for the next step without further purification. 0.5 g
S27 was suspended in 15 ml CH2Cl2. 0.26 ml Tf2O was added at 0 °C. The resulting
mixture was stirred at r. t. for 2h. The solvent was evaporated in vacuo. The remaining
solid was dissolved in 30 ml CH3CN. 0.35 g NaI and 0.4ml diisopropylamine were added
into the mixture. The mixture was stirred at r. t. for 24 h. After the completion of the
reaction, CH3CN was evaporated. The remaining solid was extracted with CH2Cl2 and
washed with water and dilute sodium thiosulphate. The organic layer was concentrated
and the resulting product was purified by flash chromatography to obtain 0.43 g 10 (68%).
1

H-NMR (CDCl3, 400MHz) （S, 1H), 8.33 (d, 1H, J = 8 Hz ), 8.18 d, 1H, J = 8

Hz), 7.95 (m, 2H), 7.82 (t, 1H, J = 8 Hz), 7.66 (t, 1H, J = 8 Hz),

13

C NMR (CDCl3,

100MHz)
2,7-Diiodoacridine (11): 2, 7-diiodoacridone S25 (0.5g) was dissolved in
anhydrous tetrahydrofuran (10 mL) under argon. A 1 M borane tetrahydrofuran complex
solution (1.1 mL) was added dropwise to the stirred refluxing mixture. The mixture was
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refluxed for 1 h. After cooling to room temperature, aqueous 3 N hydrochloric acid
solution (5 mL) was added dropwise and the reaction mixture was basified with an
aqueous saturated sodium carbonate solution (10 mL) before being extracted with
dichloromethane (3x10 mL). The organic phases collected were dried (MgSO4) and
filtered, and the solvent was removed under reduced pressure. The crude unstable product
was quickly chromatographed to give the corresponding 2,7-diiodo-9,10-dihydroacridine,
which was stirred in a mixture of ethanol (10 mL), water (2 mL), and iron chloride
hexahydrate (0.30 g) for 30 min at 50 °C. After cooling to room temperature, an aqueous
saturated sodium bicarbonate solution (20 mL) was added and the mixture was extracted
with dichloromethane (3x30 mL). The organic layers were dried and filtered, and the
solvent was removed under reduced pressure. The crude compound was purified by flash
chromatography to give the expected 2, 7-diiodoacridine (11) (0.21 g, 44%). 1H-NMR
(CDCl3, 400 MHz) （d, 2H, J = 9.2 Hz), 8.00 (dd, 2H, J1 = 9.2 Hz, J2 = 1.9 Hz ),
8.42 d, 2H, J = 1.7 Hz), 8.53 (s, 1H ), 13C NMR (CDCl3, 100MHz) , 128.3, 131.3,
133.6, 137.1, 139.4, 148.0.
2-Iodoacridine (12): Starting with S27, 12 was obtained using same procedure as
11. 1H-NMR (CDCl3, 400MHz) （t, 1H, J = 7.8 Hz), 7.81 (t, 1H, J = 7.4 Hz ),
7.96 s, 2H ), 7.99 (d, 1H, J = 8.3 Hz ), 8.21 d, 2H, J = 8.8 Hz), 8.41 (s, 1H ), 8.64 (s,
1H ); 13C NMR (CDCl3, 100MHz) 

9-Iodoacridine (13): Starting with S24, 13 was obtained using same procedure as
9.1H-NMR (CDCl3, 400 MHz) （t, 2H, J = 6.6 Hz), 7.64 (t, 2H, J =6.6 Hz), 8.04
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d, 2H, J =8.7 Hz), 8.14 (d, 2H, J = 8.8 Hz);

13

C NMR (CDCl3, 100MHz)

( 2C ), 129.6 ( 2C ), 129.7 ( 2C ), 130.7 ( 2C ), 132.8 ( 2C ), 148.3 ( 2C ).

3.5 Synthesis of CN-Substituded para-Benzyne Precursors 14 and 15

Figure 3.8 Synthesis of CN-substituded para-benzyne precursor 14.

2.43 g (1.3 eq) of N-iodosuccinimide at room temperature was added to a solution
of 1 g (8.3 mmol) of 2-hydroxynicotinonitrile S30 in 20 ml of anhydrous
dimethylformamide. The reaction mixture was stirred at 60°C for 5 hours. The solvent
wasdiluted with water (3 ml), extracted with EtOAc (15 ml x3). The organic layer was
washed with 5% sodium thiosulfate and brine, and concentrated under vacuum. The
crude product was purified by flash chromatography to obtain 1.5 g (73 %) S31. The
NMR data matched previously published data.13 1H NMR: H ppm (400 MHz, DMSO):
12.78 (1H, s, OH), 8.35 (1H, s, CH), 8.04 (1H, s, CH).
0.3 g (1.2 mmol, 1eq) S31 was added into a round bottle of 5 ml of anhydrous
CH3CN and 0.12 ml pyridine. The reaction mixture was cooled at 5 °C. Tf2O (0.23 ml,
1.1 eq) was added slowly.14 After complete addition, the reaction mixture was stirred at
20-25°C for 30 min and then charged with NaI (0.91 g, 5 eq) in three portions over 15
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min. Conc. HCl (0.11 ml) was then added. The reaction mixture was stirred for 1 h and
then cooled to 10 °C. The reaction mixture was diluted with water and slowly quenched
with 10 M NaOH to reach a pH of 10. The resulting brown solution was extracted with
EtOAc. The organic layer was washed with 5% sodium thiosulfate and brine, and
concentrated under vacuum. The crude product was purified by flash chromatography to
obtain 0.32 g (75%) 14. 1H NMR: H ppm (400 MHz, CDCl3): 8.74 (1H, s, CH), 8.07
(1H, s, CH).

13

C NMR: C ppm (100 MHz, CDCl3): 159.2, 148.6, 121.6, 119.4, 116.5,

91.4. HRMS (ESI) Calcd. for C6H3N2I2: 356.8380 [M+H+], found: 356.8365.

Figure 3.9 Synthesis of CN-substituded para-benzyne precursor 15.

A solution of 2,5-dibromo-4-nicotinic acid (S32, 0.3 g, 1 mmol) in thionyl
chloride (3 mL) was heated at reflux for 3 h. The thionyl chloride was evaporated. The
solid acid chloride was added in small portions to a concentrated ammonium hydroxide
solution (10 mL) while cooling the reaction mixture to 0−5°C. The reaction mixture was
saturated with potassium carbonate, and the solution was extracted with chloroform (2 ×
150 mL) and ethyl acetate (2 × 150 mL). Organic layer was evaporated to dryness to
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yield crude S33 0.2 g, which was used for the next step without further purification.15 The
crude product was dissolved in 20 ml of CH2Cl2 and 0.29 ml pyridine (5 eq). 0.25 ml (2.5
eq) of trifluoroacetic anhydride was slowly added to the mixture at 0°C.16 The mixture
was stirred at r.t. for 1h. It became clear and was carefully diluted with CH2Cl2. The
mixture was washed twice with saturated NaHCO3. The organic layer was dried with
Na2SO4 and concentrated to give the crude product, which was purified by flash
chromatography to give 0.15 g (83%) 15. 1H NMR: H ppm (400 MHz, CDCl3): 8.68
(1H, s, CH), 7.74 (1H, s, CH).

13

C NMR: C ppm (100 MHz, CDCl3): 152.8, 140.7,

131.5, 125.6, 121.4, 113.7. HRMS (ESI) Calcd. for C6H3N2Br2: 259.8585. [M+H+],
found: 259.8578.
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CHAPTER 4. IDENTIFICATION OF THE SULFONE FUNCTIONALITY IN
PROTONATED ANALYTES VIA ION/MOLECULE REACTIONS IN A LINEAR
QUADRUPOLE ION TRAP MASS SPECTROMETER

4.1 Introduction
Oxidation of sulfur functionalities to sulfones is an important biotransformation
pathway for many drugs.1 Rapid identification of these drug metabolites is crucial since
some of them have been reported to cause idiosyncratic drug reactions and they often go
undiscovered until after the post-marketing stage.2 However, the detection of these
metabolites in the highly complex plasma is challenging for many analytical methods,
such as NMR, FT-IR and X-ray crystallography, due to their small quantity and stability
issues of some metabolite molecules.3 Tandem mass spectrometric methods involving
collisionally activated dissociation (CAD) have been widely used for structure
elucidation of unknown compounds directly in mixtures.4 However, only a few CAD
studies have been published on ionized sulfones. Some sulfones, such as deprotonated Nphenyl benzenesulfonamides, have been reported to lose SO2 upon CAD.5 Moreover,
other oxidation products of N and S atom-containing drugs, such as sulfoxides,
hydroxylamines and N-oxides, may have the same molecular weight as the sulfone,
which makes it difficult to unambiguously identify the sulfone functionality.6
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Tandem mass spectrometric methods based on ion/molecule reactions hold great
promise for being able to provide information useful in the identification of specific
functional groups in analytes.7 Our group has successfully developed methods based on
ion-molecule reactions to identify several functionalities, such as epoxide,8a carboxylic
acid,8b amido,8c polyol,8d primary, secondary and tertiary amino,8e hydroxyl8f and N-oxide
functionalities.8g,h In the work presented here, gas-phase ion–molecule reactions of
trimethyl borate (TMB) are demonstrated to allow the differentiation of the protonated
sulfone functionality from many other functional groups, including sulfoxide,
hydroxylamino, N-oxide, aniline, amino, hydroxyl and phenol functionalities. The
reaction specificity is also demonstrated by using a sulfoxide-containing antiinflammatory drug sulindac and its metabolite sulindac sulfone.

4.2 Experimental Section
Chemicals. All chemicals were purchased and used without further purification.
Instrumentation. All mass spectrometry experiments were performed using a
linear quadruple ion trap (LQIT) equipped with an APCI source. Sample solutions were
prepared at analyte concentrations ranging from 0.01 to 1 mg/mL in methanol. An
integrated syringe drive directly infused the solutions into the APCI source at a rate of 20
μL/min. In the APCI source (operated in positive ion mode), the vaporizer and capillary
temperatures were set at 400 °C and 265 °C, respectively. The sheath gas (N2) flow was
maintained at about 30 arbitrary units. The voltages for the ion optics were optimized for
each analyte by using the tune feature of the LTQ Tune Plus interface. The detection
mass range was from m/z 50 to 500. The manifold used to introduce reagents into the
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helium buffer gas line was first described by Gronert.12,13 A diagram of the exact
manifold used in this research was published by Habicht et al.8b TMB was introduced
into the manifold via a syringe pump maintained at the flow rate of 5 μL/h. A known
amount of He (0.8 L/h) was used to dilute TMB. The syringe port and surrounding area
were heated to ~70 °C to ensure evaporation of TMB. Before entering the trap, the
He/reagent mixture was split using two Granville-Phillips leak valves, instead of the
standard flow splitter. This allowed a better control over the amount of the mixture
introduced into the instrument. One leak valve was set to establish a helium pressure of
~3 mTorr in the ion trap by allowing ~2 mL/min of the mixture into the trap14 while the
other leak valve controlled the amount of flow diverted to waste. A typical nominal
pressure of TMB in the trap during the experiments was 0.38 × 10-5 Torr. After the
experiments were completed each day, the manifold was isolated from the instrument and
placed under vacuum to remove any remaining reagent.
Kinetics. During the ion/molecule reactions, the reagent (TMB) was present at a
constant pressure and its concentration was in excess of that of the ion of interest. Hence,
these reactions follow pseudo-first-order kinetics. The reaction efficiencies (Eff. =
(kreaction/kcollision) x 100% = the fraction of ion/molecule collisions that results in the
formation of products) were determined by measuring each reaction’s rate (IM) (by
monitoring the abundance of the protonated analyte as a function of time for up to 1 s)
and the rate of the highly exothermic proton-transfer reaction (PT) between protonated
methanol and the reagent (TMB) under identical conditions in the same day. Assuming
that this exothermic proton-transfer reaction proceeds at a collision rate (kcollision) that can
be calculated, the efficiencies of the ion/molecule reactions can be obtained by using eq 1.

85
This equation is based on the ratio of the slopes (kreaction[TMB] = slope (IM) and
kcollision[TMB] = slope (PT); [TMB] = TMB concentration) of the plots of the natural
logarithm of the relative abundance of the reactant ion versus reaction time for the
ion/molecule (IM) and exothermic proton-transfer (PT) reactions (thus eliminating the
need to know [TMB]), masses of the ion (Mi), neutral reagent (Mn), and methanol (M(PT)),
and the nominal pressure of the neutral reagent during the ion/molecule reaction (Pn(IM))
and the proton-transfer reaction (Pn(PT)).

Computational Studies. The Gaussian 03 suite of programs was used for all
calculations.15 Proton affinities were calculated at the B3LYP/6-31G(d) level of theory.
For protonation of an oxygen site, protonated methanol was used as the Brønsted acid in
isodesmic reaction schemes.16 For protonation of the phenyl ring, protonated benzene16
was used as the reference acid. For protonation of a nitrogen site, ammonium16 was used
as the reference acid. The free energy surface shown in Figure 2 was calculated at the
B3LYP/6-31G(d,p) level of theory.

4.3 Results and Discussion
Trimethyl borate (TMB) is known to deprotonate many protonated oxygen
functionalities, followed by addition of the analyte to the boron center and elimination of
methanol (adduct-MeOH; Figure 4.1).8a,9,10 However, in order for the first proton transfer
to occur within the gas-phase collision complex, the proton affinity (PA) of the analyte

86
cannot be more than 10 kcal/mol greater than that of TMB (195 kcal/mol).9 TMB was
chosen to be the reagent to differentiate sulfones from sulfoxides and N-oxides because
its PA is close to the PAs of sulfones (193-205 kcal/mol, Table 4.1) but somewhat lower
than the PAs of hydroxylamines (205-216 kcal/mol; Table 4.2) and substantially lower
than the PAs of sulfoxides (215-220 kcal/mol; Table 4.1) and N-oxides ( ~220 kcal/mol;
Table 4.2). Therefore, TMB is expected to react readily as shown in Figure 4.1 with
protonated sulfones but not as readily with protonated hydroxylamines, sulfoxides and Noxides.

Figure 4.1 Proposed mechanism for reaction of a protonated sulfone with TMB to form
adduct and adduct-MeOH.

The reactions of TMB with many protonated model compounds with different
functional groups, including sulfone, sulfoxide, hydroxylamino, N-oxide, aniline, amino,
hydroxyl and phenol, were examined in the linear quadruple ion trap mass spectrometer
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(LQIT). As shown in Table 4.1, most protonated sulfone model compounds react with
TMB at high efficiencies (~100%) by predominant formation of adduct-MeOH ion
(Table 4.1), as expected. The lower reaction efficiency measured for protonated Nhydroxybenzenesulfonamide is explained by its relatively high PA (211.2 kcal/mol, Table
1).
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Table 4.1 Reaction efficiencies and products (m/z values and branching ratios) for
reactions of protonated sulfones and sulfoxides with TMB (PA = 195 kcal/mol a).
Reagent
(m/z of [M+H]+)
(119)
O
S
O

(157)

PA
(kcal/mol)
206.3b

Product ions (m/z) and branching ratios

Reaction
efficiency
107%

Adduct–MeOH (191)
Adduct–Me2O (177)
Adduct (223)
Adduct–MeOH(225)
Adduct–Me2O(215)
Adduct (261)

85%
10%
5%
87%
10%
3%

211.6b

Adduct–MeOH (246)
Adduct–Me2O (232)
Adduct (278)

74%
12%
14%

57%

203.7b

Adduct–MeOH (251)
Adduct–Me2O (237)
Adduct (281)

89%
9%
1%

118%

193.5b

Adduct–MeOH (167)
Adduct–Me2O (153)
Adduct (199)
Proton Transfer (105)

83%
8%
3%
6%

101%

198.3b

Adduct–MeOH (193)
Adduct–Me2O (179)
Adduct (225)

79%
14%
7%

111%

205.0b

Adduct–MeOH (289)
Adduct–Me2O (276)
Adduct (321)

89%
10%
1%

104%

220.1b

Adduct–MeOH (235)

100%

0.7%

222.5b

Adduct–MeOH (275)

100%

0.4%

201.4b

107%

(174)

(179)
O
S
O

(95)

O

S
O

(121)

(217)
(163)

(203)
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Table 4.1, Continued
O
S

219.8b

Adduct–MeOH (213)

100%

0.9%

219.6b

Adduct–MeOH (177)
Adduct (209)

64%
36%

2%

(141)

a

(104)
Reference 9. b PA calculated at the B3LYP/6-31G(d) level of theory.

For protonated sulfones, such as protonated methyl phenyl sulfone, additional
product ions besides the adduct-MeOH ion were observed. These are a stable TMB
adduct ion and, most importantly, adduct-Me2O ion (Figure 4.2), which is diagnostic for
protonated sulfones. No adduct-Me2O product ion was found for any other protonated
model compound studied here (Tables 4.1 and 4.2). Based on the literature, however,
some protonated epoxides yield the adduct-Me2O ion with branching ratio ranging from 3
up to 10% (the other product is adduct-MeOH).8a Protonated epoxides can be
distinguished from sulfones based on the lack of formation of TMB adduct ions for the
epoxides.8a Therefore, the formation of adduct-Me2O ions together with TMB adduct ions
can be used to distinguish sulfones from all other compounds considered here.
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Figure 4.2 A mass spectrum measured after 30 ms reaction of protonated methyl phenyl
sulfone (m/z 157) with TMB. The most abundant product ion (m/z 229) corresponds to
adduct-MeOH. The other two product ions of TMB correspond to the adduct-Me2O (m/z
215) and TMB adduct (m/z 261). The presence of boron in ions of m/z 229 and 215 was
verified by the presence of 10B isotope peaks. Ion of m/z 189 corresponds to oxygen
addition product.
A possible mechanism for the formation of adduct-Me2O ion for protonated
sulfones is shown in Figure 4.3. This mechanism is initiated by proton transfer from the
analyte to the boron compound, just like the methanol elimination mechanism shown in
Scheme 1. Nucleophilic addition of the sulfone to the boron center leads to the methanol
elimination product as shown in Scheme 1. However, we propose that in some cases, the
sulfone instead reacts via nucleophilic substitution at the carbon atom of the protonated
methoxy group and a methyl transfer reaction takes place, followed by nucleophilic
substitution at the same carbon atom by a methoxy substituent of TMB and another
methyl cation transfer (Figure 4.3). The methyl cation affinities of TMB and sulfones are
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likely to be similar due to their similar PA values, 8h and hence these reactions should be
nearly thermoneutral. Nucleophilic substitution has a more constrained TS than addition
reactions, which explains why this pathway is minor compared to methanol elimination.
Addition of the sulfone to the boron center in TMB with a methylated methoxy group has
a very low calculated barrier (0.25 kcal/mol; Figure 4.3) and it is estimated to be
exothermic by 1 kcal/mol. Elimination of dimethyl ether from this adduct also has a very
low barrier (1.8 kcal/mol) and is exothermic by about 3 kcal/mol (Figure 4.3).

Figure 4.3 Proposed mechanism for reaction of a protonated sulfone with TMB to form
adduct-Me2O and the calculated (B3LYP/6-31G(d,p)) free energy surface for the second
step (left) and the last two steps (right).
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Based on previous research,11 protonated compounds containing oxygen
functionalities other than sulfone, such as ethers, ketones, carboxylic acids and esters,
only yield adduct-MeOH product ions with TMB and they are formed as shown in
Scheme 1. Here, the same was found to be true for protonated sulfoxides (Table 4.1).
Furthermore, their reaction efficiencies are much lower (< 1%; Table 4.1) than those of
protonated sulfones (Table 4.1). The same was found to be true for hydroxylamines
(Table 4.2). Hence, sulfones are distinguished from sulfoxides and hydroxylamines based
on the formation of the Me2O elimination product for protonated sulfones only and based
on their substantially greater reaction efficiencies. Protonated N-oxides are readily
differentiated from sulfones, sulfoxides and hydroxylamines since they are unreactive
toward TMB, as reported before.8i The observation of the Me2O elimination product only
for protonated sulfones (and some protonated epoxides) may be explained by a hydrogen
bonding interaction between one sulfone oxygen atom and the hydroxyl group in
protonated TMB that facilitates nucleophilic attack by the other sulfone oxygen atom at
the methyl carbon in a methoxy group in protonated TMB (see below).

is likely

explained by their (and epoxides’) lower nucleophilicity compared to sulfoxides, Noxides and hydroxylamines (nucleophilicity commonly correlates8h with PA as well as
their ability to form a stabilized, hydrogen-bound collision complex that hinders
elimination of MeOH (Figure 4.3). Addition of the other analytes to the boron center of
protonated TMB is exothermic enough to cause immediate elimination of methanol.
The reactivity of TMB toward a protonated aliphatic amine and an alcohol, as
well as phenol and two anilines, was also examined. As shown in Table 2, the protonated
amine and the protonated anilines react only slowly with TMB (efficiencies < 7%) via
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exclusive formation of a stable adduct (likely as shown in Figure 4.3) while protonated
butanol reacts rapidly by exclusive proton transfer (due to its low PA; 188.8 kcal/mol16).
Protonated phenol (with PA close to that of TMB; Table 4.2) also transfers a proton to
TMB but in addition, it forms a stable adduct and the MeOH elimination product (see
Scheme 4.1 for both reactions). These findings suggests that formation of a stable adduct
(just like MeOH elimination product) is preceded by proton transfer from the protonated
analyte to TMB since the adduct was only observed for analytes whose PAs are similar or
greater than that of TMB (Tables 4.1 and 4.2). This finding is in agreement with the
mechanisms shown in Figue 4.3. In summary, the protonated sulfone functional group
can be easily differentiated from amino, aniline, hydroxyl and phenol moieties via its
formation of the adduct-Me2O ion.

Table 4.2 Reaction efficiencies and products (m/z values and branching ratios) formed in
reactions between protonated hydroxylamines, N-oxides, anilines, an aliphatic amine, an
aliphatic alcohol and phenol with TMB (PA = 195 kcal/mol a).
Reagent
(m/z of [M+H]+)

(138)

(116)
H
N

(110)

OH

PA
(kcal/mol)
211.7b

Product ions (m/z) and branching ratios
Adduct–2MeOH (178)
Adduct (242)
Adduct–MeOH (228)

45%
29%
26%

Reaction
efficiency
6%

215.9b

Adduct (220)

100%

4%

204.6b

Adduct (214)

100%

1%
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Table 4.2, continued
NH2

212.9b

Adduct (214)

100%

1%

209.4b

Adduct (198)

100%

2%

194.6 b

Adduct–MeOH (167)
Adduct (199)
Proton Transfer (105)

85%
3%
12%

5%

187.6 b

Proton Transfer (105)

100%

60%

220.9b

Adduct (178)

100%

1%

220.7c

No reaction

No reaction

--

No reaction

No reaction

HO

(110)
NH2

(94)
OH

(95)
(75)
(74)

N
O

(96)
N
O

a

(203)

Reference 9. b PA calculated at the B3LYP/6-31G(d) level of theory. c Data from Reference 17.

The application of the above method for the identification of a sulfone metabolite
of a sulfoxide drug was demonstrated by using sulindac, a non-steroidal antiinflammatory drug, and its metabolite, sulindac sulfone (Figure 4.4). As expected,
protonated sulindac sulfone reacts quickly (with 44% efficiency) with TMB to give TMB
adduct, adduct-MeOH and adduct-Me2O while protonated sulindac reacts slowly (10%
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efficiency) with TMB and only shows a small amount of adduct-MeOH product ion.
Their reactivities and product ions are similar to the analogous compounds in Table 4.1.
On the other hand, when sulindac and sulindac sulfone were protonated and subjected to
CAD, both of these molecules fragment by losses of water, carbon dioxide and methyl
radical, with no fragmentations indicative of either a sulfoxide or a sulfone functionality.
Finally, it is important to note that reactivity diagnostic of a sulfone functionality
was observed for reactions of TMB with two protonated compounds with more than one
functionality, N-hydroxybenzenesulfonamide and sulindac sulfone. These findings
indicate that the diagnostic reactivity is not quenched by the presence of additional
functionalities although the reaction efficiency may depend on the functionalities present
in the analyte.

Figure 4.4 The upper mass spectrum was measured after 1 s reaction of protonated
sulindac with TMB. The lower mass spectrum was measured after 100 ms reaction of
protonated sulindac sulfone with TMB.
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4.4 Conclusion
The ability to use functional group-selective ion/molecule reactions in a linear
quadrupole ion trap mass spectrometer to identify compounds with the sulfone
functionality has been demonstrated. All protonated sulfone model compounds were
found to react with TMB to form the diagnostic product ion adduct-Me2O at high
efficiency. Other protonated compounds, including sulfoxides, hydroxylamines and Noxides, react with TMB only very slowly or not at all via adduct formation or MeOH
elimination from the adduct, and none of them give the adduct-Me2O product ion. Similar
results were obtained for anilines and an aliphatic amine. Phenol yields a proton transfer
product in addition to the adduct-MeOH product and the stable adduct. Protonated
butanol differs from the other ions studied in that it rapidly and exclusively transfers a
proton to TMB due to its high acidity. Based on literature, 8a some protonated epoxides
form the adduct-Me2O product ion but can be differentiated from sulfones due to the lack
of formation of a stable adduct. The sulfone-selective reactivity was observed even in the
presence of additional functionalities. A mechanism is proposed that rationalizes the
selectivity of the addition/Me2O elimination reaction for protonated sulfones and that is
supported by quantum chemical calculations. Finally, the results obtained for sulindac
and sulindac sulfone suggest that this method is applicable to sulfone containing drugs
and drug metabolites.
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CHAPTER 5. IDENTIFICATION OF THE SULFOXIDE FUNCTIONALITY IN
PROTONATED ANALYTES VIA ION/MOLECULE REACTIONS IN LINEAR
QUADRUPOLE ION TRAP MASS SPECTROMETRY

5.1 Introduction
The in vivo biotransformation of sulfur atom into sulfoxide is an important oxidation
pathway for many sulfur-containing drugs.1-4 However, the identification of sulfoxides in
mixtures can be challenging for many analytical methods, such as NMR, FT-IR and Xray crystallography, which require relatively large amounts of high-purity analytes.5-7 The
tandem mass spectrometry method is a sensitive technique well-suited for obtaining
structural information for organic compounds in mixtures. The experiments typically
involve ionization of the analyte by protonation followed by the mass-selection of the
protonated analyte and its characterization by techniques such as collision-activated
dissociation (CAD).8 However, only a few CAD studies of ionized sulfoxides have been
published,9-11 and none of them show sulfoxide-specific fragmentation patterns.
Moreover, the in vivo biotransformation of certain drugs can lead to both nitrogen and
sulfur oxidation metabolites, which have the same elemental composition and hence
cannot be distinguished using high-resolution mass spectrometry.12
Tandem mass spectrometric methods based on ion-molecule reactions hold great
promise for being able to provide information useful in the identification of specific
functional groups in small organic molecules and biomolecules, differentiation of chiral
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and nonchiral isomers and performing reactions such as ozone-induced dissociation.13
Our group has successfully developed methods based on ion/molecule reactions to
identify many different functionalities.14-21 This can be done on analytes as they elute
from an HPLC. 22,23 In the work presented here, gas-phase ion/molecule reactions of 2methoxypropene (MOP) are demonstrated to allow the identification of protonated
sulfoxide functionality among many other functional groups, such as sulfone,
hydroxylamino, N-oxide, aniline, phenol, keto, ester, amino and hydroxy functionalities.
The potential application of this method to pharmaceuticals is demonstrated by
establishing the site of oxygenation to the sulfoxide functionality of a metabolite of the
anti-inflammatory drug sulindac.

5.2 Experimental Section
Chemicals. Sulindac and sulindac sulfone (purities ≥ 99%) were purchased from
VWR. All other chemicals were purchased from Sigma-Aldrich with the purities ≥ 98%.
All chemicals were used without further purification.
Instrumentation. All mass spectrometry experiments were performed using a
Thermo Scientific LTQ linear quadrupole ion trap (LQIT) equipped with an APCI source.
Sample solutions were prepared in methanol at analyte concentrations ranging from 0.01
up to 1 mg/mL. An integrated syringe drive directly infused the solutions into the APCI
source at a rate of 20 μL/min. In the APCI source (operated in positive ion mode), the
vaporizer and capillary temperatures were set at 400 °C and 265 °C, respectively. The
sheath gas (N2) flow was maintained at about 30 arbitrary units. The voltages for the ion
optics were optimized for each analyte by using the tune feature of the LTQ Tune Plus
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interface. The detection mass range was from m/z 50 up to 500. The manifold used to
introduce reagents into the helium buffer gas line was first described by Gronert.24, 25 A
diagram of the exact manifold used in this research was published by Habicht et al.15
MOP was introduced into the manifold via a syringe pump at the rate of 10 μL/h. A
known amount of He (0.8 L/h) was used to dilute MOP. The syringe port and
surrounding area were heated to ~70 °C to ensure evaporation of MOP. Before entering
the trap, the He/reagent mixture was split using two Granville-Phillips leak valves,
instead of the standard flow splitter. This allowed a better control over the amount of the
mixture introduced into the instrument. One leak valve was set to establish a helium
pressure of ~3 m Torr in the ion trap by allowing ~2 mL/min of the mixture into the
trap26 while the other leak valve controlled the amount of flow diverted to waste. A
typical nominal pressure of MOP in the trap during the experiments was 0.68 × 10-5 Torr.
After the experiments were completed each day, the manifold was isolated from the
instrument and placed under vacuum to remove any remaining reagent.
Kinetics. After the analytes were ionized by protonation in the APCI source as
described above, the protonated analytes were isolated by ejecting all unwanted ions from
the trap. An isolation window of two m/z-units was employed. The isolated ions were
allowed to react for variable time periods (varying residence times in the ion trap) with
the reagent MOP introduced as described above. During ion/molecule reactions, the
neutral reagent is always present at a constant pressure and its concentration is in excess
of that of the ion of interest. Hence, these reactions follow pseudo-first-order kinetics.
The reaction efficiencies (Eff.= kreaction/kcollision = the fraction of ion/molecule collisions
that results in the formation of products) were determined by measuring each reaction’s
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rate (IM) and the rate of the highly exothermic proton-transfer reaction (PT) between
protonated methanol and the reagent (MOP) under identical conditions in the same day.
The rates were measured by determining the relative abundances of the reactant ion and
product ions as a function of reaction time. The slope of the decay of the reactant ion in a
semilogarithmic plot of the ion abundances as a function of time gives the rate constant k
multiplied by the concentration of the neutral reagent. Assuming that the exothermic
proton-transfer reaction (PT) between protonated methanol and the reagent (MOP)
proceeds at collision rate (kcollision; this can be calculated by using a parameterized
trajectory theory27), the efficiencies of the ion/molecule reactions can be obtained by
using eq 1. This equation is based on the ratio of the slopes of the two reactions studied
(kreaction[MOP] = slope (IM) and kcollision[MOP] = slope (PT); [MOP] = MOP
concentration). It is also based on the plots of the natural logarithm of the relative
abundance of the reactant ion versus reaction time for the ion/molecule (IM), exothermic
proton-transfer (PT) reactions (thus eliminating the need to know [MOP]), masses of the
ion (Mi), neutral reagent (Mn), and methanol (M(PT)), and the pressure read by an iongauge for the neutral reagent during the ion/molecule reaction (Pn(IM)) and the protontransfer reaction (Pn(PT)).
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5.3 Results and Discussion
2-Methoxypropene (MOP) was chosen as the reagent for this study because the
proton affinity (PA) of MOP (214 kcal/mol21) is very close to the PA of sulfoxides (215220 kcal/mol, Table 5.1). This may lead to proton transfer within the gas-phase reactant
collision complex followed by addition of the now neutral analyte to protonated MOP, as
described previously for many boron reagents, such as trimethylborate.14 Such adducts
tend to fragment via an intermolecular proton transfer and elimination of a stable neutral
molecule,14 such as methanol for MOP (Figure 5.1b). However, the adducts formed
between sulfoxides and protonated MOP do not have acidic protons and hence cannot
readily dissociate (Figure 5.1 and 5.2). This differentiates sulfoxides from sulfones and
most other analytes with relatively low proton affinities (193-205 kcal/mol, Table 5.1)
since they will instead transfer a proton to MOP to give the proton transfer products.
Many protonated model compounds with different functional groups, including
sulfoxide, sulfone, hydroxylamino, N-oxide, aniline, amino, ester, keto, hydroxy and
phenol, were allowed to react with MOP in a linear quadruple ion trap mass spectrometer
(LQIT). As shown in Table 1, most protonated sulfoxide model compounds react with
MOP at efficiencies of 3-14% by forming an abundant stable adduct, as expected. CAD
on the MOP adducts reformed the protonated sulfoxides. The branching ratios
(percentages from all products) of the MOP adducts depend on the PA of the analytes.
For example, compounds with higher PA than MOP (e.g., butyl sulfoxide and phenyl
sulfoxide) showed mainly MOP adduct formation whereas compounds with lower PA
showed more proton transfer product (e.g., methyl phenyl sulfoxide; Table 5.1).
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In sharp contrast to sulfoxides, all protonated sulfones studied react with MOP
rapidly (efficiencies 37-88%) via almost exclusive proton transfer. The same was
observed for almost all of the other protonated analytes studied (Tables 5.2 and 5.3). The
one protonated secondary N-hydroxylamine studied shows very low reactivity (likely due
to its high PA) but the products resemble those observed for protonated sulfoxides: a
stable adduct dominates and is accompanied by a minor proton transfer product (Table
5.2). The same was observed for protonated aliphatic nitrones and aromatic N-oxides, as
reported before. However, the reaction efficiencies (0.2-0.4%) of the N-oxides are 10times lower than for sulfoxides. Therefore, sulfoxides and N-oxides can be distinguished
by their reaction efficiencies.
As shown in Figure 5.1, at least two mechanisms can lead to formation of an
MOP adduct. One is the direct nucleophilic addition of MOP to the analyte ion (e.g.,
protonated pyridine N-oxides forms an adduct this way; Figure 5.1a). The adduct
formation via this mechanism is independent of the PA of the analytes since proton
transfer does not take place.21 Another mechanism involves proton transfer followed by
nucleophilic addition by the analyte to protonated MOP (e.g., protonated ophenylenediamine forms an adduct this way; Figure 5.1b). The efficiency of adduct
formation via this mechanism is closely related to the PA of the analytes.19 In the case of
sulfoxides, an adduct is proposed to form through the proton transfer / addition
mechanism (Figure 5.2) since the reaction depends on the PA of the sulfoxide (Tables 5.1
and 5.2). For example, protonated diphenyl sulfoxide shows more addition product than
protonated methyl phenyl sulfoxide with a lower PA. A protonated N-monosubstituted
hydroxylamine yields an adduct that has lost methanol. However, the N,N-disubstituded
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hydroxylamine shows the adduct (Table 5.2). A detailed discussion on these findings will
be provided in a separate publication.
Finally, the anti-inflammatory drug sulindac and its metabolite sulindac sulfone
were examined. As shown in Figure 5.3 and Table 5.1, the site of oxygenation can be
easily determined based on their reactions with MOP. The protonated sulfone reacts
predominantly by proton transfer while the protonated sulfoxide shows a major stable
adduct, as expected. The presence of a carboxylic acid functionality in these analytes
does not influence their reactivity toward MOP.

Figure 5.1 Published19,21 mechanisms for the reactions of protonated pyridine N-oxide
and protonated o-phenylenediamine with MOP.
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Figure 5.2 The mechanism proposed for the formation of a stable adduct between
protonated sulfoxide and MOP.

Figure 5.3 An MS/MS mass spectrum measured after 200 ms reaction of protonated
sulindac (top) and sulindac sulfone (bottom) with MOP in LQIT. The CH3OH adduct is
formed by solvent addition.
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Table 5.1 Reactions of MOP (PAa = 214 kcal/mol) and their efficiencies and different
pathways’ branching ratios for protonated sulfoxides and sulfones
Reagent
(m/z of [M+H]+)
O
S

PAb
(kcal/mol)

Observed reactions and branching
ratios

Reaction
efficiencyc

220.1

Addition
99%
Proton transfer 1%

3%

(163)
O
S

Addition
Proton transfer

99%
1%

219.8

Addition
Proton transfer

55%
45%

8%

219.6

Addition
Proton transfer

37%
63%

3%

----

Addition
Proton transfer

98%
2%

12%

----

Addition
50%
Proton transfer 50%

6%

Addition
Proton transfer

1%
99%

70%

Addition
Proton transfer

1%
99%

43%

211.6

Addition
Proton transfer

2%
98%

37%

203.7

Addition
Proton transfer

1%
99%

44%

222.5

4%

(203)
O
S

(141)

(105)

(233)

(153)
206.3
(119)
201.4
(157)

(174)

(179)
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Table 5.1, contintued

193.5

Proton transfer

100%

67%

198.3

Proton transfer

100%

88%

(95)

O

S
O

(121)

205.0

Proton transfer

100%

74%

Addition
Proton transfer

97%
3%

14%

Addition
Proton transfer

15%
85%

(217)

a

Sulindac (357)

----

Sulindac sulfone
(373)

----

b

Reference 21. Reference 30. c Precision + 10%; accuracy + 50%

30%
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Table 5.2 Reactions of MOP (PAa = 214 kcal/mol) and their efficiencies and different
pathways’ branching ratios for protonated hydroxylamines and N-oxides
Reagent
(m/z of [M+H]+)
H
N

OH

PA
(kcal/mol)
215.9

218.6d

Addition
Proton transfer

85%
15%

219.2c

Addition
Proton transfer

99 %
1%

0.4%

225.5e

Addition
Proton transfer

86%
14%

0.3%

(90)

51%
25%
24%

Reaction
efficiency b

Proton transfer
Addition–MeOH
Addition

c

(116)

N
O

Observed reaction and branching ratios

5%

0.2%

(96)

(146)
----

Addition
Proton transfer

50%
50%

0.2%

Addition
Proton transfer

66 %
34%

0.2%

(157)
221.7a
(114)
a

b

c

Reference 21. Precision + 10%; accuracy + 50% Reference 30.d Reference 28. e Reference 29.

110
Table 5.3 Reactions of MOP (PA a = 214 kcal/mol) and their efficiencies and different
pathways’ branching ratios for protonated carboxylic acid, ketones, ester, phenol and
amines
PAb
(kcal/mol)
203.2

Observed reaction and branching
ratiosc
Proton transfer
100%
Proton transfer
98%
210.8
Addition
2%
Methyl stearate (299)
-----Proton transfer
100%
Acetone (59)
196.7
Proton transfer
100%
Aniline (94)
Proton transfer
99.7%
210.9
Addition
0.3%
Phenol (95)
Proton transfer
98%
195.5
Addition
2%
Butylamine (74)
Proton transfer
98%
220.2
Addition
2%
Butanol (75)
188.8
Proton transfer
100%
a
b
c
Reference 21. Reference 28. Precision + 10%; accuracy + 50%
Reagent
(m/z of [M+H]+)
Benzoic acid (123)
Benzophenone (183)

Reaction
efficiencyc
42%
37%
76%
67%
10%
9%
0.3%
87%

5.4 Conclusion
The ability to use functional group-selective ion/molecule reactions in a linear
quadrupole ion trap mass spectrometer to identify protonated compounds with the
sulfoxide functionality has been demonstrated. All protonated sulfoxide model
compounds were found to react with MOP to form an abundant stable adduct at
efficiencies 3-14%. Protonated N-oxides and N,N-diethyl hydroxylamine react similarly
but 10 times slower than protonated sulfoxides. All other compounds studied have
substantially lower PA than MOP and hence react rapidly via proton transfer. The results
obtained for sulindac and sulindac sulfone suggest that this method is applicable to
sulfone containing drugs and drug metabolites even in the presence of other
functionalities.31
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CHAPTER 6. MASS SPECTROMETRIC IDENTIFICATION OF THE NMONOSUBSTITUDED N-HYDROXYLAMINO FUNCTIONALITY IN
PROTONATED ANALYTES VIA ION/MOLECULE REACTIONS IN TANDEM
MASS SPECTROMETRY

6.1 Introduction
N-Monosubstituted hydroxylamines correspond to an important class of
metabolites common for many bio-active molecules containing primary amino or nitro
functionalities,

such

as

the

anti-tumor

prodrug

CB

1954,

Dapsone,

and

sulfamethoxazole.1-6 Hydroxylamine metabolites often display completely different
bioactivities than their parent compounds. For example, Dapsone’s hydroxylamine
metabolite is reported to cause adverse effects, such as methemoglobinemia and
hemolysis.7 On the other hand, sulfamethoxazole’s hydroxylamine metabolite shows
even greater bioactivity than sulfamethoxazole itself.8 Hence, it is essential to identify
these N-hydroxylamine metabolites. However, the small quantity and unstable nature of
N-hydroxylamine drug metabolites make it challenging to characterize them by using
conventional analytical methods, such as NMR or FT-IR, in highly complex plasma.9
Moreover, no characteristic fragmentation behavior has been found for ionized
hydroxylamine metabolites in tandem mass spectrometry experiments based on collisionactivated dissociation.2,10 Tandem mass spectrometric methods based on ion/molecule
reactions of ionized analytes hold great promise for being able to provide information
useful in the identification of specific functional groups.11-15 Our group has successfully
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developed such methods for the identification of many different functionalities in
protonated analytes.12-20 In the work discussed here, gas-phase ion/molecule reactions of
2-methoxypropene (MOP) are demonstrated to allow the identification of the protonated
N-monosubstituted hydroxylamine functionality in a linear quadrupole ion trap..

6.2 Experimental Section
Chemicals. The indole hydroxylamine and oxime derivatives (Table 6.1) were
provided by AstraZeneca. All other chemicals were purchased from Sigma-Aldrich. Their
purities were ≥ 98%. All chemicals were used without further purification.
Instrumentation. All mass spectrometry experiments were performed using a
Thermo Scientific LTQ linear quadrupole ion trap (LQIT) equipped with an ESI source.
Sample solutions were prepared in methanol at analyte concentrations ranging from 0.01
up to 1 mg/mL. An integrated syringe drive directly infused the solutions into the ESI
source at a rate of 20 μL/min. In the ESI source (operated in positive ion mode), the
vaporizer and capillary temperatures were set at 400 °C and 265 °C, respectively. The
sheath gas (N2) flow was maintained at about 30 arbitrary units. The voltages for the ion
optics were optimized for each analyte by using the tune feature of the LTQ Tune Plus
interface. The detection mass range was from m/z 50 up to 500. The manifold used to
introduce reagents into the helium buffer gas line was first described by Gronert.21-22 A
diagram of the exact manifold used in this research was published by Habicht et al.13
MOP was introduced into the manifold via a syringe pump at the rate of 10 μL/h. A
known amount of He (0.8 L/h) was used to dilute MOP. The syringe port and
surrounding area were heated to ~70 °C to ensure evaporation of MOP. Before entering
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the trap, the He/reagent mixture was split using two Granville-Phillips leak valves,
instead of the standard flow splitter. This allowed a better control over the amount of the
mixture introduced into the instrument. One leak valve was set to establish a helium
pressure of ~3 m Torr in the ion trap by allowing ~2 mL/min of the mixture into the
trap23 while the other leak valve controlled the amount of flow diverted to waste. A
typical nominal pressure of MOP in the trap during the experiments was 0.68 × 10-5 Torr.
After the experiments were completed each day, the manifold was isolated from the
instrument and placed under vacuum to remove any remaining reagent.
Kinetics. After the analytes were ionized by protonation in the ESI source as
described above, the protonated analytes were isolated by ejecting all unwanted ions from
the trap. An isolation window of two m/z-units was employed. The isolated ions were
allowed to react for variable time periods (varying residence times in the ion trap) with
the reagent MOP introduced as described above. During ion/molecule reactions, the
neutral reagent was always present at a constant pressure and its concentration was in
excess of that of the ion of interest. Hence, these reactions followed pseudo-first-order
kinetics. The reaction efficiencies (Eff.= kreaction/kcollision = the fraction of ion/molecule
collisions that results in the formation of products) were determined by measuring each
reaction’s rate (IM) and the rate of the highly exothermic proton-transfer reaction (PT)
between protonated methanol and the reagent (MOP) under identical conditions in the
same day. The rates were measured by determining the relative abundances of the
reactant ion and product ions as a function of reaction time. The slope of the decay of the
relative abundance of the reactant ion in a semilogarithmic plot of the ion abundances as
a function of time gives the rate constant k multiplied by the concentration of the neutral
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reagent. Assuming that the exothermic proton-transfer reaction (PT) between protonated
methanol and the reagent (MOP) proceeded at collision rate (kcollision; this can be
calculated by using a parameterized trajectory theory24), the efficiencies of the
ion/molecule reactions can be obtained by using eq 1. This equation is based on the ratio
of the slopes of the two reactions studied (kreaction[MOP] = slope (IM) and kcollision[MOP]
= slope (PT); [MOP] = MOP concentration). It is also based on the plots of the natural
logarithm of the relative abundance of the reactant ion versus reaction time for the
ion/molecule (IM), exothermic proton transfer (PT) reactions (thus eliminating the need
to know [MOP]), masses of the ion (Mi), neutral reagent (Mn), and methanol (M(PT)), and
the pressure read by an ion gauge for the neutral reagent during the ion/molecule reaction
(Pn(IM)) and the proton-transfer reaction (Pn(PT)).

6.3 Results and Discussion
In previous reports, the reactivity of MOP (proton affinity (PA) = 214 kcal/mol20)
was screened toward protonated compounds with various functional groups, such as
sulfone, sulfoxide, N-oxide, carboxylic acid, keto, amino and hydroxy.17-18,20 MOP was
found to form abundant stable adduct with protonated N-oxides, sulfoxides and diamines
(all with PA ~ 220 kcal/mol), which is useful for their identification.17-18,20 Moreover,
adduct-MeOH was the only major product observed when MOP was allowed to react
with protonated o-phenylenediamine but not for m-phenylenediamine and p-
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phenylenediamine. Figure 6.1 shows a proposed mechanism that involves proton transfer
followed by two nucleophilic attacks by the amino functionalities to the quaternary
carbon center of MOP, which leads to the loss of a methanol molecule for protonated ophenylenediamine.17
In the present study, reactions of protonated N-monosubstituded hydroxylamines
with MOP are compared to those of many other analytes (Table 6.1) in order to explore
whether MOP can be used to differentiate N-monosubstituded hydroxylamines from
other compounds. As shown in Table 6.2, proton transfer is the major reaction for
analytes (e.g., dimethyl sulfone, phenol) whose PA is 15-20 kcal/mol lower than the PA
of MOP. MOP adduct becomes more abundant than proton transfer product ions when
the PA of the analyte (e.g., pyridine N-oxide, butylamine) is 5-10 kcal/mol higher than
that of MOP. Since most hydroxylamines have a lower PA (205-215 kcal/mol) than MOP,
proton transfer is the major reaction. MOP adduct was also observed for most of these
compounds. Interestingly, only protonated compounds with N-monosubstituted
hydroxylamine functionality show MOP adduct – MeOH product (Figure 6.1) among all
studied compounds. Some compounds, such as protonated N-methylhydroxylamine and
N-tert-butylhydroxylamine, only show the adduct-MeOH product besides the proton
transfer product. A possible mechanism for the formation of adduct-MeOH is shown in
Figure 6.3. The first step involves proton transfer from protonated hydroxylamine to the
MOP followed by the nucleophilic attack by the nitrogen atom to form the MOP adduct.
A secondary proton transfer from the protonated nitrogen atom to the methoxy group
occurs within this ion-molecule complex followed by the nucleophilic attack by the
nitrogen atom to form an oxime-like adduct–MeOH product. The presence of a hydrogen
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atom on the nitrogen atom is crucial for the secondary proton transfer to occur, leading to
the MeOH loss. This is confirmed by the fact that no adduct–MeOH was observed for Ndisubstituted hydroxylamines and oximes since neither compound has an NH group. This
characteristic adduct–MeOH reaction can be used to distinguish N-monosubstituted
hydroxylamines from N-disubstituted N-hydroxylamines, oximes as well as compounds
with functional groups such as sulfone, sulfoxide, N-oxide, carboxylic acid, keto, amino
and hydroxy.

Figure 6.1 A mass spectrum measured after 200 ms reaction of protonated
phenylhydroxylamine (m/z 110) with MOP. The most abundant product ion (m/z 73)
corresponds to proton transfer reaction. The other two product ions correspond to adductMeOH (m/z 150) and MOP adduct (m/z 182).
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Figure 6.2 Published17 mechanism for the reaction of protonated o-phenylenediamine
with MOP.

Figure 6.3 Proposed reaction mechanisms for the formation of a stable MOP adduct and
elimination of methanol from an unstable MOP adduct upon reaction of protonated Nmonosubstituted N-hydroxylamines with MOP
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Table 6.1 Reactions of MOP (PAa = 214 kcal/mol), their efficiencies, and different
reaction pathways’ branching ratios for protonated hydroxylamines
Reagent
(m/z of [M+H]+)

PA
(kcal/mol)
211.7a

Observed reactionsb and their
branching ratios
Proton transfer (73)
87%
Adduct–MeOH (188)
12%
Adduct (210)
1%

Reaction
efficiency
35%

(138)
Proton transfer (73)
Adduct–MeOH (208)
Adduct (240)

63%
4%
23%

Proton transfer (73)
Adduct–MeOH (156)
Adduct (188)

51%
25%
24%

Proton transfer (73)
Adduct–MeOH (150)
Adduct (182)

81%
13%
6%

----

Proton transfer (73)
Adduct–MeOH (130)

73%
27%

22%

----

Proton transfer (73)
Adduct–MeOH (130)

97%
3%

93%

----

Proton transfer (73)
Adduct–MeOH (231)
Adduct
(263)

1%
15%
84%

0.02%

Adduct (162)
Proton transfer (73)

85%
15%

0.2%

----

3%

(168)
a

216.0

5%

(116)

(110)

204.6a

10%

(90)
(48)

(191)
c

218.6
(90)

----

Proton transfer (73)
Adduct (249)

89%
11%

4.5%

(177)
a

Reference 19. b The m/z-value of the reaction product is given after the reaction in parenthesis.
Reference 20.

c
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Table 6.2 Reactions of MOP (PA a = 214 kcal/mol), their efficiencies and different
reaction pathways’ branching ratios for a protonated carboxylic acid, sulfone, sulfoxide,
ketone, N-oxide, phenol and amine 20

a

Reference 18. b Reference 20.

6.4 Conclusion
The ability to use functional group-selective ion/molecule reactions in a linear
quadrupole ion trap mass spectrometer to identify protonated compounds with the Nmonosubstituted N-hydroxylamine functionality has been demonstrated. Most protonated
N-monosubstituted N-hydroxylamine model compounds were found to react with MOP
via proton transfer and formation of an adduct and a diagnostic adduct-MeOH product. A
hydrogen atom bound to the nitrogen atom was found to be crucial for the formation of
the adduct-MeOH product. N,N-Disustituted hydroxylamines, oximes sulfones,
sulfoxides, N-oxides, carboxylic acids, ketones, amines and alcohols mainly yield MOP
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adduct and/or proton transfer product ion. The results obtained suggest that this method is
applicable

to

the

rapid

identification

of

N-monosubstituded

hydroxylamines.
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CHAPTER 7. IDENTIFICATION OF N-OXIDE AND SULFOXIDE
FUNCTIONALITIES IN PROTONATED DRUG METABOLITES USING IONMOLECULE REACTION IN A LINEAR QUADRUPOLE ION TRAP MASS
SPECTROMETER

7.1 Introduction
I In the phase I oxidative metabolism, N-oxides and sulfoxides are the common
metabolites for most sulfur and nitrogen containing heterocyclic drugs.1-3 The successful
structural elucidation of these metabolites is essential for the drug discovery process since
the metabolites may have profoundly altered functional parameters such as biological
activity, clearance rates, and toxicity.4-7 Hence, it is crucial to establish methods to
unambiguously identify these two functionalities, especially in drugs that contain both
sulfur and nitrogen atoms. However, most analytical methods still have limitations in
determination of the N-oxide and sulfoxide functionalities.8-10 Although NMR is very
helpful in identification of C-hydroxylation metabolites, the low natural abundances of
15

N (0.37%) and

33

S (0.74%) limit the use of NMR in detection of N and S oxidation

products.11-12 Moreover, the metabolite of interest must be purified and exist in sufficient
quantities for structure determination by NMR.13 The purification process for NMR
analysis is time-consuming and tedious. Tandem mass spectrometry coupled with high
performance liquid chromatography (HPLC/MS) is widely used to identify different drug
metabolite. However, in many N and S containing drugs, the C-hydroxylation metabolite
has the same molecule weight as the sulfoxide and N-oxide metabolites. Moreover, due
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to the lack of specific fragmentation patterns for ionized sulfoxides and N-oxides in mass
spectrometery,14-16 it is still challenging to unambiguously identify sulfoxides and Noxides and differentiate them from C-hydroxylation metabolites.
Tandem mass spectrometric methods based on ion-molecule reactions hold great
promise for being able to provide information useful in the identification of specific
functional groups in small organic molecules and in diﬀerentiation of isomers.17-28 This
can be done on analytes as they elute from an HPLC.29-30 In the present study, gas-phase
ion/molecule reactions of tris(dimethylamino)borane (TDMAB) are demonstrated to
allow the identification of protonated sulfoxide and N-oxide functionalities in different
drug metabolites. This method was also successfully applied for the identification of an
N-oxide metabolite isolated from dog liver microsome.

7.2 Experimental Section
Materials. Ricobendazole, albendazole and zileutone sulfoxide were purchased
from Santa Cruz Biotechnology (Dallas, Texas, USA); sulfone sulindac and sulindac
sulfone were purchased from ENZO Life Sciences (Farmingdale, New York, USA);
olanzapine N-oxide, 2-hydroxylmethyl olanzapine, quetiapine, quetiapine N-oxide,
quetiapine sulfoxide and cetirizine N-oxide were purchased from Toronto Research
Chemicals (Toronto, Ontario, Canada); and olanzapine, methionine sulfone and
tris(dimethylamino)borane (TDMAB) were purchased from Sigma Aldrich (St. Louis,
Missouri,

USA).

High-performance

liquid

chromatography−mass

spectrometry

(HPLC/MS) grade water, methanol and acetonitrile were purchased from Fisher
Scientific (Pittsburgh, PA, USA). All chemicals were used without further purification. A
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Zorbax SB-C18 column (4.6 × 250 mm, 5 μm particle size) and a Zorbax SB-Phenyl
column (4.6 × 250 mm, 5 μm particle size) were purchased from Agilent Technologies
(Santa Clara, CA). Compounds 1-3 were provided by AstraZeneca. Compound 1 is the
parent drug compound. Compound 2 is synthesized azepine N-oxide metabolite of 1.
Compound 3 is the major metabolite formed upon incubation of 1 in dog liver
microsomes.31
Sample Preparation. Stock solutions of all analytes were prepared at a final
concentration of 0.1 mM in methanol. For HPLC/MS analysis, all analytes were
dissolved in acetonitrile to achieve a final volume of 1 mL and an analyte concentration
of 0.01 mM.
Instrumentation. All mass spectrometry experiments were performed using a
Thermo Scientific LTQ linear quadruple ion trap (LQIT) equipped with an ESI source.
An integrated syringe drive directly infused the solutions into the ESI source at a rate of
20 μL/min. All analytes were ionized via (+) ESI. The (+) ESI conditions were 3.5–4 kV
spray voltage, sheath and auxiliary gas (N2) flow of 20 and 10 (arbitrary units), and a
heated ion transfer capillary/mass spectrometer inlet temperature of 275 °C. The voltages
for the ion optics were optimized for each analyte by using the tune feature of the LTQ
Tune Plus interface. The detection mass range was from m/z 50 up to 500. The
protonated analytes were allowed to react with the neutral reagent TDMAB in the ion
trap (reaction times varied from 50 to 500 ms; however, up to 1000 ms was used in cases
where no reactions were observed).
In collision-activated dissociation (CAD) experiments, the advanced scan features
of the LTQ Tune Plus interface were used to isolate the ions by using an m/z window of 2
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units. At a q value of 0.25, the ions were subjected to CAD by using helium as the
collision gas for an activation time of 30 ms. ‘‘Normalized collision energies’’ were
varied from 20–40%. Xcalibur 2.0 software was used for processing all data produced.
All mass spectra acquired were an average of at least 20 spectra.
The manifold used to introduce reagents into the helium buffer gas line was first
described by Gronert.32-33 A diagram of the exact manifold used in this research was
published by Habicht et al.19 TDMAB was introduced into the manifold via a syringe
pump at the rate of 20 μL/h. A known amount of He (1.5 L/h) was used to dilute
TDMAB. The syringe port and surrounding area were heated to ~90 °C to ensure
evaporation of TDMAB. Before entering the trap, the He/reagent mixture was split using
two Granville-Phillips leak valves, instead of the standard flow splitter. This allowed a
better control over the amount of the mixture introduced into the instrument. One leak
valve was set to establish a helium pressure of ~3 m Torr in the ion trap by allowing ~2
mL/min of the mixture into the trap34 while the other leak valve controlled the amount of
flow diverted to waste. A typical nominal pressure of TDMAB in the trap during the
experiments was 0.68 × 10-5 Torr. After the experiments were completed each day, the
manifold was isolated from the instrument and placed under vacuum to remove any
remaining reagent.
High Performance Liquid Chromatography/Tandem Mass Spectrometry. The
AstraZeneca's reference compounds 1 and 2 and the dog liver metabolite mixture of 1
were introduced into the HPLC/MS via an autosampler as a full-loop injection volume
for high reproducibility. The flow rate was 0.5 ml/min. A 0.1% (v/v) formic acid in water
solution (A) and 0.1% formic acid (v/v) in acetonitrile solution (B) were used as the
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mobile phase solvents. Formic acid was chosen to encourage positive ion production. A
non-linear gradient used was as follows: 0.0 minutes, 95% A and 5% B; 10.0 minutes,
80% A and 20% B; 18.0 minutes, 55% A and 45% B; 25.0 minutes, 3% A and 97% B;
26.0 minutes, 3% A and 97% B; 26.1 minutes, 95% A and 5% B; 30.0 minutes, 95% A
and 5% B. The column was located in a thermostatted compartment where the
temperature was maintained at 30 °C. Mass spectrometric analysis of the HPLC eluents
was performed using single ion monitoring of ions of m/z 314 (protonated 1) and m/z 330
(protonated 2 and 3). Ions with the m/z values 314 and m/z 330 were selected for further
isolation and MS2 experiments involving CAD. For MS2 experiments, an ion isolation
window of 2 m/z was used prior to ion fragmentation at a q value of 0.25 for 30 ms at a
normalized collision energy of 35% (arbitrary units).
Computational Studies. The Gaussian 03 suite of programs was used for all
calculations.35 Proton affinities were calculated at the B3LYP/6-31G++(d,p) level of
theory. All the neutral and protonated molecules' least energy conformers were identified
using Maestro 7.0 Macro-model conformational search.

7.3 Results and Discussion

7.3.1 The Reactions of TDMAB with Protonated Drug Molecules Containing N-Oxide
and Sulfoxide Functionalities
Simple protonated N-oxide24 and sulfoxide model compounds with only one
functionality (Table 7.5) mainly showed TDMAB adduct-DMA product ion (DMA:
dimethylamine) when they reacted with TDMAB in the gas phase. The proposed
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mechanisms for the formation of TDMAB adduct-DMA are summarized in Figure 7.1.
The mechanism involves proton transfer from protonated N-oxide and sulfoxide to the
amino moiety followed by nucleophilic attack of the oxygen atom to the boron center.
The proton affinity (PA) of TDMAB is 230 kcal/mol,24 which is close to the PA of Noxide (~230 kcal/mol) and sulfoxide (~220 kcal/mol) functionalities. Hence, proton
transfer can occur between protonated N-oxide or sulfoxide and TDMAB, eventually
leading to the formation of TDMAB adduct-DMA ions. Another product ion, TDMAB
adduct-2DMA, was also observed for some protonated drug molecules, which will be
further discussed in the next section. For protonated N-oxide and sulfoxide containing
drug molecules with several functional groups, TDMAB adduct-DMA is still the major
product ion (Table 7.1). Further, other protonated drug molecules without sulfoxide and
N-oxide functional groups did not show abundant TDMAB adduct-DMA ions (Table 7.2).
The selectivity of TDMAB toward N-oxide and sulfoxide can be explained in two
major factors. The first factor is the proton affinities. The sulfoxide and N-oxide
functionalities are expected to be the major protonation sites in these drug molecules
under (+)-ESI due to their relatively high PA. Computational studies were carried out to
further demonstrate the high proton affinities of sulfoxide and N-oxide in some drug
molecules, including ricobendazole, albendazole sulfone, quetiapine, quetiapine sulfoxide,
quetiapine N-oxide and cetrizine N-oxide (Figure 7.2-7.4). The PA of sulfoxide and Noxide functionalities in these drug molecules are within ±10 kcal/mol of TDMAB's PA
(230 kcal/mol), which can lead to proton transfer and further nucleophilic addition
forming TDMAB adduct-DMA. However, only PA cannot fully explain TDMAB's
selectivity. The second factor is the stability of the positively charged TDMAB adduct-
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DMA. As shown in Figure 7.5, the positive charges on the TDMAB adduct-DMA of Noxides and sulfoxides are delocalized and are stable. For other basic and nucleophilic
group such as amino groups, the positive charge cannot be delocalized in the TDMAB
adduct-DMA (Figure 7.5). Hence the formation of TDMAB adduct-DMA is disfavored
for amino groups. The second factor can explain the fact that no reaction was observed
with TDMAB for these basic molecules without N-oxide and sulfoxide groups such as
quetiapine. Moreover, the previous study also demonstrated the amino groups were not
reactive toward TDMAB.24 Other protonated functionalities, such as hydroxy, sulfone
and carbonyl groups with lower PAs, are less likely to react with TDMAB since their low
PAs hindered the first step proton transfer with TDMAB.
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Figure 7.1 Mechanisms leading to the formation of TDMAB adduct-DMA and the
characteristic fragment ions for N-oxide (type A and B) and sulfoxide (type A, B and C)
functionalities.
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Figure 7.2 Calculated proton affinities for all oxygen, nitrogen and sulfur atoms in
ricobendazole and albendazole sulfone
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Figure 7.3 Calculated proton affinities for major oxygen, nitrogen and sulfur atoms in
quetiapine, quetiapine sulfoxide and quetiapine N-oxide.
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Figure 7.4 Calculated proton affinities for tertiary amino and N-oxide functionalities in
Cetrizine N-oxide.

Figure 7.5 The TDMAB adduct-DMA for sulfoxide and N-oxide are more stable
compared to amines since the positive charges are delocalized.
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Further isolation and subjection to CAD of TDMAB adduct-DMA product ions
can be used to differentiate N-oxide and sulfoxide containing drug molecules from those
that do not contain these functionalities. For N-oxides, CAD of the TDMAB adductDMA ion proceeded through the elimination of one DMA molecule and one
HOB(N(CH3)2)2 molecule to produce type A and B fragment ions (Figure 7.1 and Table
7.1). Figure 7.6 shows the proposed mechanisms for the formation of type A and B
fragment ions by using olanzapine N-oxide as an example. For type A fragment ions, a
proton is first transferred from the  carbon of the N-oxide group to the DMA moiety
through a six-membered transition state, followed by the expulsion of a DMA molecule.
For type B fragment ions, concerted 1,2-elimination between the oxygen atom in the Noxide group and a hydrogen atom on the  carbon of the N-oxide group is proposed to
lead to elimination of one HOB(N(CH3)2)2 molecule. For sulfoxides, sulindac was used
as an example (Figure 7.7). CAD of the TDMAB adduct-DMA ion for sulindac also
showed type A and B fragment ions through similar mechanisms as N-oxides (Figure 7.7).
However, the type C fragment ion (M+H+-O=BN(CH3)2) was found to be specific to
sulfoxide functionality. As shown in Figure 7.7, an empty bonding space for sulfur atom
exists in the TDMAB adduct-DMA ion of sulfoxides. Hence, the nitrogen atom in a
DMA moiety can undergo nucleophilic attack at the sulfur center to form a four
membered ring, which can undergo ring-opening to expel a O=BN(CH3)2 molecule to
form a type C fragment ion. It was interesting to note that CAD of the TDMAB adductDMA ions formed from simple sulfoxide model compounds did not show characteristic
fragment ions (Table 7.5). Charge tended to be retained on the TDMAB part rather than

138
on the analytes because the model compounds were not basic enough to retain the charge
to form the characteristic fragment ion.

Figure 7.8 Proposed mechanisms for the formation of type A and C fragment ions from
TDMAB adduct-DMA of Zileuton sulfoxide
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As shown in table 7.1, the formation of type A and B ions requires the presence of
an  hydrogen near the functional group to be eliminated. No type B ion was observed
for zileuton sulfoxide since it contains no  hydrogens near the sulfoxide group.
However, type A fragment ion was still observed. According to the proposed mechanism
(Figure 4), the TDMAB adduct of zileuton sulfoxide is flexible enough that the DMA
moiety can abstract a proton from the adjacent hydroxyl group, which then can form a
five-membered ring to expel a DMA molecule.

7.3.2 The Formation of TDMAB Adduct-2DMA Product Ions Indicates the Presence of
Nucleophilic Groups Around the N-Oxide and Sulfoxide Functionalities in
Protonated Drug Molecules
Many of the tested drug molecules have nucleophilic groups such as hydroxy and
amino groups adjacent to the N-oxide and sulfoxide functionalities. As shown in Tables
7.1 and 7.3, some protonated drug molecules, such as cetirizine N-oxide, zileuton
sulfoxide, quetinapine N-oxide and quetinapine sulfoxide, show TDMAB adduct-2DMA
product ions, which are likely to be formed through a secondary nucleophilic attack by
nucleophilic functional groups nearby. In Figure 7.9, quetiapine N-oxide is used as an
example to illustrate the formation mechanism of this product ion. After the formation of
the TDMAB adduct-DMA ion, the hydroxyl group in the side chain may undergo a
nucleophilic attack to the boron center, followed by proton transfer and expulsion of a
DMA molecule. Quetiapine sulfoxide also follows a similar mechanism to form TDMAB
adduct-2DMA ions (Figure 7.9). The carboxylic acid and hydroxyl amino groups in
cetirizine N-oxide and zileuton sulfoxide also can undergo nucleophilic attack. Normally,
as discussed above, CAD of TDMAB adduct-DMA ions gave distinctive fragment ions
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for N-oxide and sulfoxide. In contrast, CAD of TDMAB adduct-2DMA ions normally
resulted in the loss of the O=BN(CH3)2 molecule for both functional groups. For
quetinapine N-oxide and sulfoxide, the abundance of TDMAB adduct-DMA ions was too
low for these ions to be isolated for CAD. In this particular case, CAD of the TDMAB
adduct-2DMA product ions (Table 7.3) provided useful information that allows the
distinction of these two compounds. For both compounds, CAD on the TDMAB adduct2DMA product ions shows the loss of O=BN(CH3)2 and ethylene oxide, which proceed
through a ring opening of the macrocyclic ring (Figure 7.10). However, only CAD of the
TDMAB adduct-2DMA ions of quetinapine N-oxide showed a type A fragment ion (MDMA). This can be explained by the presence of an  hydrogen near the N-oxide group
(Figure 7.10), which is not the case for the sulfoxide isomer. Hence, elimination of a
DMA molecule cannot occur for quetinapine sulfoxide. In conclusion, the observation of
TDMAB adduct-2DMA product ions indicates the presence of nucleophilic groups
nearby the sulfoxide and N-oxide groups can provide information on the chemical
environment around the sulfoxide and N-oxide groups (Figure 7.11). Further CAD on the
TDMAB adduct-2DMA ions may also provide useful information to differentiate the
sulfoxide and N-oxide functionalities.
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Figure 7.10 Proposed CAD mechanisms for TDMAB adduct-2DMA of quetiapine Noxide and quetiapine sulfoxide.

142
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7.3.3 Identification of an Unknown Drug Metabolite 3 Provided by AstraZeneca Using
HPLC Coupled Ion-molecule Reactions
The above mentioned method is used to identify an unknown drug metabolite 3,
which is an oxidative metabolite of 2-aminothiazolobezazepine (1) (Figure 7.11). The
azepine N-oxide 2, one of the other oxidative metabolite of 1, is also provided as a
reference compound by AstraZeneca through synthesis. The characterization of 3 is
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challenging since CAD only provides information that the oxidation occurs on the
thiazole ring. However, it is difficult to pinpoint whether the oxidation site is the nitrogen
or the sulfur atoms in the thiazole ring. Moreover, compound 3 is labile, which prevents
further purification and chemical synthesis of the metabolite standard. Hence, TDMAB is
an ideal reagent to characterize the unknown compound 3.
Since compound 3 was obtained as a mixture that contains 1-3 as well as other
metabolites, an HPLC method was first developed to separate pure 3 from other
metabolites. The phenyl column was found to completely separate 3 from the azepine Noxide 2 (Figure 7.12), whereas the C18 column cannot separate these two compounds.
Since oxidation happened on the aromatic thiazole ring for 3, phenyl column might have
better interaction with the oxidative aromatic moiety of 3 than the azepine N-oxide 2,
which was an aliphatic moiety.
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Figure 7.12 The selected ion chromatogram monitoring of ions of m/z 314 and 330 for
HPLC separation of the dog liver metabolite mixture containing compound 1-3 on phenyl
column (top); MS1 and MS2 spectra of protonated compounds 2 and 3 (bottom).

The results were summarized in Table 7.3 and Figure 7.12. The parent drug
molecule 1 did not show any reaction product with TDMAB because it did not have any
sulfoxide or N-oxide functionalities. The azepine N-oxide reference 2 and the unknown 3
all showed TDMAB adduct-DMA product ion. The CAD of this adduct ions for both
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compounds gives typical type A and B fragment ions, indicating the presence of N-oxide
group in 3. Moreover, no type C fragment ion was found showing there was no sulfoxide
group present. The CAD mechanisms of 3 were summarized in Figure 7.14. Although the
thiazole N-oxide 3 does not have  proton, the proton on the amino group in the 
position can still be transferred to the nitrogen atom in the DMA moiety or to the oxygen
atom in the N-oxide group to facilitate the formation of type A and B fragment ions.
Moreover, only 3 showed TDMAB adduct-2DMA product ion but not for 2 (Figure 7.13),
which involved the nucleophilic attack of the  amino group to the boron center to form a
stable adduct with five-membered ring. This also further proved that the oxidation
happened on the thiazole ring because there was no nucleophilic groups nearby the
azepine N-oxide group in 2. In conclusion, the unknown compound 3 was identified as
the thiazole N-oxide through HPLC coupled ion-molecule reaction using TDMAB as the
neutral reagent.

146
N
O B
OH

N
N

NH2

S
N

N

+

N

B

N

N

N

NH2

S
N

N

N

N

-DMA

TDMAB Adduct - DMA

3
Thiazole N-Oxide

N
N

O B N H

O B N

N
N

S

N

N

H

N

N

NH

NH

S
N

N

O

N

-DMA

N

-

O

N
B

N

N+

N
S

NH

N
TDMAB Adduct - 2DMA

N

S
N

NH2

2

Azepine N-oxide Does not Show
TDMAB Adduct- 2DMA Product

Figure 7.13 Proposed mechanisms for the formation of TDMAB adduct-2DMA ion for
compound 3.

Figure 7.14 Proposed CAD mechanisms for TDMAB adduct-DMA of compound 3.
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Table 7.1 Reaction products, branching ratios formed and the relative abundance of the
CAD products of TDMAB adduct-DMA in reactions between protonated cetirizine Noxide, olanzapine N-oxide, ricobendazole, sulindac and Zileuton sulfoxide with TDMAB

* Small amount of DMA is present in the ion trap to form DMA adduct with drug
molecules due to the degradation of TDMAB in the presence of trace amount of water in
the manifold.
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Table 7.2 Reaction products and branching ratios formed in reactions between protonated
olanzapine, olanz2-hydroxymethyl olanzapine, quetapine, methionine sulfone, sulindac
sulfone and albendazole sulfone with TDMAB
Analyte
Olanzapine
2-Hydroxymethyl Olanzapine
Quetapine
Methionine Sulfone

Sulindac Sulfone

Albendazole Sulfone

Product ions and branching ratios
No Reaction
No Reaction
No Reaction
DMA Adduct
Proton Transfer

86%
14%

DMA Adduct
35%
Proton Transfer
34%
TDMAB Adduct
26%
TDMABA dduct-DMA 5%
DMA Adduct
69%
TDMAB Adduct
20%
Proton Transfer
7%
TDMABA dduct-DMA 4%
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Table 7.3 Reaction products, branching ratios formed and the relative abundance of the
CAD products of TDMAB adduct-2DMA in reactions between protonated quetiapine Noxide and quetiapine sulfoxide with TDMAB

* Small amount of DMA is present in the ion trap to form DMA adduct with drug
molecules due to the degradation of TDMAB in the presence of trace amount of water in
the manifold.
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Table 7.4 Reaction products, branching ratios formed and the relative abundance of the
CAD products of TDMAB adduct-DMA in reactions between protonated 1-3 with
TDMAB.

* Small amount of DMA is present in the ion trap to form DMA adduct with drug
molecules due to the degradation of TDMAB in the presence of trace amount of water in
the manifold.
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Table 7.5 Observed product ions, their branching ratios and the relative abundance of the
CAD products of TDMAB adduct-DMA in reactions of several simple protonated
sulfoxide compounds with TDMAB

7.4 Conclusion
In this study, a novel ion-molecule reaction was established using TDMAB as the
neutral reagent to differentiate protonated N-oxide and sulfoxide containing drug
molecules in a modified linear quadrupole ion trap mass spectrometer. This method could
be coupled with HPLC. Both protonated N-oxide and sulfoxide showed abundant
TDMAB adduct-DMA product ions when reacted with TDMAB in the gas phase. The
further CAD of this adduct ion gave type A and B fragment ions for N-oxide, and type A,
B, C fragment ions for sulfoxide functionalities, which were used to distinguish these two
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functionalities. The presence of TDMAB adduct-2DMA product ion indicated the
nucleophilic group nearby the N-oxide and sulfoxide group, which gave more
information on the chemical environment around these two functional groups. In the end,
this method was successfully applied in the identification of an unknown drug metabolite
provided by AstraZeneca.
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CHAPTER 8. CHARACTERIZATION OF IONIZED LIGNIN MODEL COMPOUNDS
WITH -O-4 LINKAGES BY (+)/(-)-ESI/TANDEM MASS SPECTROMETRY

8.1 Introduction
The global depletion of fossil fuels has highlighted the importance of developing
technologies to harness new and renewable energy sources. Lignocellulosic biomass
represents a promising renewable energy resource, in which lignin is an essential
component.1-2 Unlike cellulose, lignin is not a linear polymer of identical, repeating
subunits. Instead, it is composed of a number of chemically distinct subunits, or
monolignols, such as coniferyl, coumaryl, and sinapyl alcohol.3-5 The conversion of
lignin into useful chemicals could provide means of obtaining aromatic materials
currently derived solely from petroleum. Many efforts have been made to convert lignin
into useful chemicals.1 However, the highly complex nature of lignin degradation
products also address the need to develop analytical methods to characterize these
degradation products.
Multiple stage tandem mass spectrometry (MSn) is a powerful technique for the
direct analysis of many mixtures. MSn provides molecular-level structural information for
individual components of complex mixtures.6-7 Collision-activated dissociation (CAD) is
the most common method used to examine the structures of isolated ions in MSn.8-9 Much
research has been carried out on analyzing lignin mixtures by using tandem mass
spectrometry. However, development of ionization methods that could ionize all lignin
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degradation mixture can be challenging.10-17 Our group has developed an ionization
method for lignin degradation products. It is based on negative-ion-mode ESI with
sodium hydroxide dopant, which can ionize all lignin monomers and -O-4 dimers with
equal ionization efficiency without fragmentation.13-16

However, for the structural

analysis of the ionized degradation products of natural lignin, a major obstacle is the high
diversity of the lignin linkages. The most common lignin linkages include -O-4, 5-5, 5,-, -and 4-O- (Figure 8.1). CAD of ionized lignin model compounds with -O-4,
-5,and - linkages have been studied previously under negative-ion-mode ESI.[11-15]
The -O-4 linkage is less common in nature and takes about 6-15% in total lignin
linkages.[1] However, no CAD or ionization studies have been carried out on model
compounds with -O-4 linkages (Figure 8.1). Hence, lignin model compounds with -O4 linkages were synthesized using literature procedures. Moreover, since these
synthesized -O-4 lignin compounds are labile toward acidic or basic conditions, novel
ionization method needs to be developed for -O-4 lignins. In this study, an ionization
method using lithium or sodium attachment under ESI positive-ion-mode was developed
for -O-4 lignins model compounds. The positive ESI fragmentation patterns of three
lithiated or sodiated --O-4 compounds 1-3 as well as three -O-4 model compounds 46 (Figure 8.2) are examined. The negative ESI fragmentation patterns of three -O-4
model compounds 4-6 were also examined.
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Figure 8.1 Different lignin linkages
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Figure 8.2 Lignin model compounds with -O-4 linkages (compounds 1-3) and with O-4 linkages (compounds 4-6)

8.2 Experimental Section
Materials. Guaiacylglycerol-β-guaiacyl ether 4 (99% purity) was obtained from
TCI America (Portland, OR). All the other five model compounds (1-3, 5 and 6) were
synthesized according to literature procedures [18-19]. The purities of synthesized
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compounds were above 90% according to their 1H NMR spectrum. High-performance
liquid chromatography−mass spectrometry (HPLC/MS) grade water and methanol were
purchased from Fisher Scientific (Pittsburgh, PA).
Methods. All experiments were carried out using a Thermo Scientific linear
quadrupole ion trap mass spectrometer (LQIT) equipped with an ESI source. The LQIT
was operated using the LTQ Tune Plus interface and Xcalibur 2.0 software. The nominal
pressure in the ion trap of LQIT was maintained at about 0.6×10-5 Torr, as read by an ion
gauge. Stock solutions were prepared for all analytes with a final concentration of 1 mM
in methanol. For lithium chloride dopant experiments, 1% lithium chloride water solution
was doped into the analyte solution (100l per 1 mL of analyte solution). The methanol
solution of each compound was used for other experiments. The solutions were
introduced into the instrument by using a syringe drive (at a rate 15 l/min) and
combined via a tee connector with HPLC eluent, 100% methanol, delivered at a rate of
200 l/min by a Finnigan Surveyor MS Pump Plus to facilitate a stable spray. The
resulting mixture was introduced into the ESI source. ESI conditions were 3.5–4 kV
spray voltage, sheath and auxiliary gas (N2) flow of 20 and 10, respectively (arbitrary
units), and a heated ion transfer capillary/mass spectrometer inlet temperature of 275 ℃.
All DC voltages and offsets for the ion optics were optimized utilizing the tune feature of
the LTQ Tune Plus interface. This mass spectrometer has a high mass limit of 4000 for z
= 1. In collision-activated dissociation (CAD) experiments, the advanced scan features of
the LTQ Tune Plus interface were used to isolate the ions by using an m/z window of 2
units. At a q value of 0.25, the ions were subjected to CAD by using helium as the
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collision gas for an activation time of 30 ms. ‘‘Normalized collision energies’’ were
varied from 15–30%. Xcalibur 2.0 software was used for processing all data produced.
All mass spectra acquired were an average of at least 50 spectra.

8.3 Results and Discussion

8.3.1 Negative ESI and Positive ESI with/without LiCl Dopant
ESI in the negative-ion-mode is the most common mass spectrometric method to
ionize model compounds of lignin degradation products.10-16 These model compounds
can form stable negative ions upon deprotonation at the phenolic site. When the six
model compounds studied here were ionized under traditional negative-mode ESI (with
no dopant), compounds 4-6 with -O-4 linkages formed abundant [M-H]- ions with some
fragmentation (Table 8.1). However, no [M-H]- ions were observed for any of the model
compounds containing -O-4 linkages (1-3). The major ions observed have m/z values of
357 and m/z 339, indicating that these trimers and tetramers had degraded into dimers
under the negative ion mode ionization. The position is the most likely cleavage site for
these -O-4 bound trimers and tetramers, since it has been reported that deprotonated O-4 model compounds easily lose H2O from the  position through a charge-driven
mechanism upon CAD under negative-ion-mode ESI.11,16 A possible degradation
mechanism is shown in Scheme 3. For compounds 1-3, the first step involves a charge
driven process to expel a negatively charged -5 dimer for 1, a  dimer for 2 or
monomer fro 3. This charge driven mechanism was calculated on a simplified -O-4
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lignin dimer model compound. The barrier for charge-driven lignin monomer loss is only
1.8 kcal/mol (Figure 8.3). In the second step, the resulting ions can then abstract a proton
in the ion-neutral complex to form an ion of m/z 357 and neutral molecules with MW of
358 Da for 1 and 2 or 180 Da for 3. In the same manner, a hydroxyl anion can be cleaved
which then abstracts a proton from the hydroxyl group of the allylic chain to form ion of
m/z 339 (Figure 8.3).
In positive-ion-mode, however, all six compounds showed stable sodiated molecules
([M+Na]+). No other ions, such as [M+H]+ or fragment ions, were observed. After the
addition of lithium chloride into the solution of each compound, all six compounds only
show the lithiated molecules, [M+Li]+. Interestingly, monomers, such as coniferyl
alcohol, and dimers with -5 or-linkages do not show sodium or lithium cation
adducts in positive-ion-mode ESI,13,18 which implies that the two hydroxyl groups in the
-O-4 linkage might be the binding site for the alkali metal cation.
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Table 8.1 Ions (with their m/z values, relative abundances and likely compositions)
formed from six model compounds upon traditional positive and negative ion mode ESI
(methanol solvent).
Compound

ESI (+)

ESI (+) doped with LiCl ESI (-)

and its linkages Relative abundance

Relative abundance

Relative abundance

[M + Li]+ (723) 100%

No [M - H][716 - H - 358 - H2O](339) 100%
[716 - H - 358]- (357) 20%

( MW)

1 (716 Da)
-O-4 linkage

[M + Na]+ (739) 100%

2 (716 Da)
-O-4 linkage

[M + Li] (723) 100%

No [M - H][716 - H - 358 - H2O](339) 100%

[M + Na]+ (561) 100%

[M + Li]+ (545) 100%

No [M - H][716 - H - 358 - H2O](339) 80%
[716 - H - 358]- (357) 100%

[M + Na]+ (343) 100%

[M + Li]+ (327) 100%

[M - H]- (319) 100%
[M - H - H2O - CH2O]- (271) 8

[M + Na]+ (373) 100%

[M + Li]+ (357) 100%

[M - H]- (349) 100%
[M - H - H2O - CH2O]– (301) 3

[M + Na]+ (613) 100%

[M + Li]+ (597) 100%

[M - H]- (589) 100%

+

[M + Na] (739) 100%

+

3 (538 Da)
-O-4 linkage

4 (320 Da)
-O-4 linkage

5 (350 Da)
-O-4 linkage

6 (590 Da)
-O-4 linkage
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Table 8.2 MSn results for compounds 1-6 ionized under both positive and negative ESI
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Figure 8.3 Possible degradation mechanisms of deprotonated compounds 1-3 under
negative mode ESI. The degradation mechanism is calculated on a simplified -O-4
lignin dimer. All calculated structures were optimize at the B3LYP/6-31G(d,p) level of
theory.
8.3.2 MSn Study of Sodiated and Lithiated Molecules
The CAD MS2 spectra of sodiated and lithiated model compounds 1-3 with -O-4
linkages show the loss of one neutral monomer (180 Da), a neutral monomer radical (179
Da) and a neutral dimer (358 Da) (Table 8.2). In MS3 spectra of some selected ions in the
MS2 spectra of 1-3 (Table 8.2), losses of small neutral molecules, i.e., those with MW of
18 Da (H2O), 30 Da (CH2O), and 15 Da (CH3 radical), along with the loss of a monomer
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(180 Da), were observed. The lithiated molecules give more structural information than
the sodiated ones. The observed fragmentations are discussed in detail below.
The fragmentation of the three sodiated or lithiated model compounds with -O-4
linkages 1-3 likely occurs via charge-driven mechanisms. Possible fragmentation
pathways for lithiated 3 are depicted in Scheme 4. For convenience, throughout the text
and figures, fragmentation intermediates and transition states are denoted by a number in
boldface. For trimer 3 (Scheme 4), the lithium cation is likely to attach on the free
hydroxyl group in the  position because at this position, the lithium cation can be
stabilized by two phenolic oxygens at the  and  positions.21,22 Upon CAD, a proton is
proposed to be transferred to the oxygen atom at the  position via a six-membered
transition state 7. The subsequent loss of coniferyl alcohol 10 (180 Da) generates the
benzylic cation 9, which may fragment further through a homolytic bond cleavage
leading to the loss of a monomer radical to form lithium attached radical cation 11 of m/z
186 and a neutral radical 12 with MW of 179 Da. Alternatively, 9 can undergo
elimination of a coniferyl alcohol (180 Da) to form 13 of m/z 185. The fragmentation of
sodiated 3 showed both the coniferyl alcohol loss (180 Da) and coniferyl alcohol radical
loss (179 Da) at the MS2 stage. However, further CAD of m/z 202, m/z187 in the MS3
spectra of sodiated ions only results in the loss of signal. Whereas the lithiated ions can
proceed to MS4 for more structural information.
The proposed CAD mechanisms of lithiated 1 is shown in Figure 8.5. The lithium
is proposed to be attached on the  hydroxyl group. In the first step, the proton transfer
occurs from the  hydroxyl group to the oxygen at either the  position (14) or the 
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position (18) to give ions 15 or 19, respectively. The two pathways that lead to 15 and 19
are named as pathway A and B. For ion 15, a coniferyl alcohol 10 (180 Da) leaves to
form benzylic cation 16 (pathway A). For ion 19, a lignin dimer 17 (358 Da) leaves to
form benzylic cation 9 (pathway B). The two product ions 16 and 9 then follow 1,3- or
1,2-elimination pathways to eliminate a lignin dimer 17 (358 Da) or a coniferyl alcohol
10 (180 Da), respectively, to yield same product ion 13 that can be verified by CAD
studies. As shown in Figure 8.5, two other possible homolytic bond cleavage pathways
for 9 give product ions 21’ and 11. CAD of sodiated 1 showed similar results as lithiated
1 in the MS2 and MS3 experiments. Both one and two monomer unit (180 Da and 179 Da)
losses were observed. However, as shown in Table 8.2, for the MS2 and MS3 spectra of
similar fragment ions, lithiated molecules produce more fragment ions than sodiated ones.
Moreover, for sodiated molecules , CAD of all ions at the MS3 stage results in very poor
signal or complete loss of signal. Most of the lithiated molecules can undergo MS4 to
give more structural information than sodiated molecules.
The MS2 spectra of sodiated and lithiated model compounds with -O-4 linkages,
4-6, however, do not show consistent losses of a monomer units as compared to the -O4 compounds 1-3. Only the sodiated and lithiated dimer 5 displayed a monomer loss (154
Da). Losses of only small neutral molecules, i.e., those with MW of 18 Da (H2O), 30 Da
(CH2O), and 48 Da (H2O and CH2O) were observed for sodiated and lithiated 4 and 6.
Scheme 6 shows possible mechanisms for these fragmentations. For lithiated 4, lithium is
proposed to bind at the hydroxyl group because at this site, lithium can have the
maximum interaction with the adjacent oxygen atoms. As shown in Scheme 6, the first
step of H2O and CH2O losses of lithiated 4 may involve proton transfer from the
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hydroxyl group to the hydroxyl group (from 22 to 23). The protonated  hydroxyl
group on 23 left to give 24 with a benzylic cation, in which lithium oxide can attack the
benzylic cation to form 25 with a four membered ring. Then lithium can migrate to a
phenolic oxygen (26) followed by elimination of formaldehyde. The product ion 27 may
undergo a homolytic bond cleavage to lose a methyl radical. The fragmentation patterns
of -O-4 dimer 5 are similar. The proposed mechanism for lignin monomer loss of 5
upon CAD is shown in Scheme 6. A proton is transferred from the  hydroxyl group to
the phenolic oxygen (29) to expel neutral 31 of 154 Da to give 32. Then 1,2-hydride
shift is proposed to occur to give 33 with a stable benzylic cation. Interestingly, the loss
of a neutral molecule 35 (150 Da) was observed in the MS3 spectrum for the sodiated
trimer 6 after the loss of water and formaldehyde, which was not observed for the
lithiated 6 (Figure 8.6). CAD mass spectra of sodiated and lithiated model compounds
with -O-4 linkages, 4-6, generally show similar fragmentation patterns, which is quite
different from compounds 1-3 with -O-4 linkages.
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Figure 8.4 Possible CAD fragmentation mechanisms of lithiated 3.
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8.3.3 MSn Study of Deprotonated Molecules
The fragmentation pathways of lignin related deprotonated compounds with -O4, -5, and - linkages have been extensively studied.10-12,16 Both charge driven and
charge remote fragmentation mechanisms were proposed for -O-4 model compounds,
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which can help explain the fragmentation patterns of deprotonated 4-6. All fragmentation
patterns are the same as previously reported.16]
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8.4 Conclusion
A novel ionization method was developed for the -O-4 lignin model compounds
1-3 using lithium or sodium attachment under positive-ion-mode ESI. The CAD of the
lithiated or sodiated -O-4 lignin model compounds displayed unique losses of lignin
monomer and dimer units at the MS2 stage compared with the sodiated or lithiated -O-4
model compounds that do not fragment much upon ESI. The positive-ion-mode with
lithium or sodium attachment may be useful in sequencing -O-4 lignin compounds. The
sodiated and lithiated -O-4 model compounds are proposed to fragment via charge
driven mechanisms. MSn spectra of lithiated ions tend to yield more structural
information than the sodiated ions for -O-4 model compounds. The losses of monomers
or dimers were always observed. The proposed mechanisms involve proton transfer via a
five or six membered transition state to facilitate lignin monomer or dimer losses. Water
and formaldehyde losses are common at the MS3 stage. MS4 spectra of certain lithium
attached ions provide more structural information than sodiated ions. However, only
losses of small neutral molecules, such as water and formaldehyde, were observed for the
sodiated and lithiated -O-4 compounds. Under the negative ion mode, only the -O-4
model compounds showed [M-H]- ions. The CAD mass spectra of these deprotonated
molecules show monomer unit losses, which can be useful for sequencing lignin
degradation products. The deprotonated -O-4 lignin model compounds show similar
fragmentation patterns as reported before.16 In general, this work demonstrates the
usefulness of positive-ion-mode ESI in analyzing lignin model compounds by using
tandem mass spectrometry.
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CHAPTER 9. SEQUENCING AND MECHANISTIC STUDIES OF LIGNIN
OLIGOMER MODEL COMPOUNDS WITH -O-4 AND 5-5 LINKAGES BY
USING (-) ESI TANDEM MASS SPECTROMETRY COUPLED WITH HIGHPERFORMANCE LIQUID CHROMATOGRAPHY

9.1 Introduction
Lignocellulosic biomass is the most abundantly available renewable energy
resource available in nature.1-6 While conversion of cellulose to fuels and valuable
chemicals has received a lot of attention,1-6 this is not true for lignin. However, lignin
conversion has significant potential for the sustainable production of aromatic chemicals
currently obtained from crude oil. Catalysts are being developed for the generation of
useful chemicals from lignin degradation products.7-12 The lignin degradation However,
the determination of the structures of the lignin degradation products is still a challenge.
Multiple stage tandem mass spectrometry (MSn) provides molecular level
structural information for individual molecules in complex mixtures.13,14 Collisionactivated dissociation (CAD) is the most common method used to examine the structures
of ions isolated for MSn experiments.15 Indeed, much research has been carried out to
develop methods for the determination of the structures of lignin degradation products by
using MSn and CAD.16a-g For example, our group has developed HPLC/MSn methods for
the identification of deprotonated lignin degradation products ionized by electrospray
ionization.17-19

176
H However, major obstacles still remain. One is the high diversity of lignin
linkages. The common lignin linkages are β-O-4, 5-5, β-5, β-β, β-1 and 4-O-5.1 Recently,
fragmentation of deprotonated linear lignin dimers and trimers with β-O-4, β-5, and β-β
linkages has been examined.20-23 Yet none of the proposed fragmentation mechanisms
were supported by calculations and labeling studies. Moreover, some linkages, such as 55 and 4-O-5 linkages, can cause branching.21 To date, little is known about the
fragmentation patterns of ionized branched lignin model compounds. One reason for this
is the scarcity of lignin model compounds. Unlike oligosaccharides, peptides and
oligonucleotides, the only commercially available lignin oligomers are dimers. Hence,
synthesis of lignin oligomers with different linkages is needed to improve the
understanding of deprotonated oligomers’ fragmentation pathways and to ultimately
develop sequencing approaches. In this study, seven lignin model compounds (ranging
from dimers to an octamer; Figure 9.1) with 5-5 and/or β-O-4 linkages were synthesized
and their deprotonated molecules’ fragmentation patterns were studied by using a linear
quadrupole ion trap mass spectrometer. The gas-phase fragmentation mechanisms were
explored through calculations for the first time. The above two linkage types were chosen
since they have been proposed to be the most common linkages in natural lignin.1
Moreover, the 5-5 linkage serves as a cross-linking unit in natural lignin. Comparison of
the fragmentation of deprotonated lignin model compounds with β-O-4 and 5-5 linkages
with that of linear lignin model compounds with only β-O-4 linkages may provide
valuable information for lignin sequencing. Since degradation of lignin yields complex
mixtures, the mass spectrometry method was coupled with high-performance liquid
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chromatography (HPLC). Two reverse phase columns were tested by using a mixture of
the synthesized lignin model compounds.

9.2 Experimental Section
Materials. Detailed synthesis procedures as well as 1H and 13CNMR data for 1-7
are given in Chapter 3. High-performance liquid chromatography−mass spectrometry
(HPLC/MS) grade water, methanol and acetonitrile were purchased from Fisher
Scientific (Pittsburgh, PA). All chemicals were used as received without further
purification. A Zorbax SB-C18 column (4.6 × 250 mm, 5 μm particle size) and a Zorbax
SB-Phenyl column (4.6 × 250 mm, 5 μm particle size) were purchased from Agilent
Technologies (Santa Clara, CA).
Sample Preparation. Stock solutions of all analytes were prepared at a final
concentration of 0.1 mM in methanol. For HPLC/MS analysis, all analytes were
dissolved in acetonitrile to achieve a final volume of 1 mL and an analyte concentration
of 0.01 mM.
Instrumentation. All experiments were performed using a Thermo Scientific linear
quadrupole ion trap (LQIT)−Fourier transform ion cyclotron resonance (FT-ICR; 7 T
magnet) mass spectrometer coupled with a Surveyor Plus high-performance liquid
chromatograph consisting of a quaternary pump, autosampler, thermostatted column
compartment, and photo-diode array (PDA) detector. The mass spectrometer was
equipped with an ESI source that was operated in the negative-ion-mode. The LQIT-FTICR mass spectrometer was operated using the LTQ Tune Plus interface, and Xcalibur
2.0 software was used for HPLC/MS data analysis. The automated tuning feature of the
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instrument was used to optimize the measurements for low mass ions (m/z 50 to m/z 500).
Automated gain control was used to ensure a stable ion signal. A nominal pressure of 0.6
× 10−5 Torr, as read by an ion gauge, was maintained in the higher pressure LQIT
vacuum manifold and 2.0 × 10−10 Torr in the FT-ICR vacuum manifold, as read by an ion
gauge.

9.3 Results and Discussion
Selection of the ionization method is discussed first. The sequencing method is
then introduced by comparing different fragmentation patterns of two simple
deprotonated lignin model compounds containing-O-4 and/or 5-5 linkages. The detailed
compoutational results on the -O-4 dimer are then presented followed by elaboration on
three major fragmentation pathways and introduction of the concept of key ions and ion
groups. The fragmentation patterns of the simplest model compounds 2 and 6 are
explained utilizing above concepts. Finally, the coupling of sequencing method with
HPLC is presented.
For all oligomers discussed below, the aromatic ring in the monomer unit bearing
the negative charge is called the A ring and is denoted as A . The remaining rings in the

monomer in that part of the molecule are called B, C and D. For compounds with a 5-5
linkage, the rings in the monomers in the other part of the molecule are called A’, B’, C’
or D’ (Figure 9.1). The sequence of the ions is given as a list of the symbols of the rings
in the adjacent monomer units. For example, the sequence of tetramer 7 with a
deprotonated A ring is denoted as A BCD. Since compounds 2-4 with a 5-5 linkage are
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symmetrical, the negative charge is designated to the A’ ring. Therefore, the sequence of
octamer 4 with a deprotonated A’ ring is denoted as D’C’B’A’-ABCD. All the sequences
of fragment ions discussed throughout the text are denoted in the same way.

Figure 9.1 Synthesized lignin model compounds 1-7

9.3.1 Desorption and Ionization
An ideal desorption/ionization method for degraded lignin (or any mixture)
generates gas-phase ions that contain the entire intact analyte molecule within (e.g.,
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protonated or deprotonated molecules, metal cation adducts) without fragmentation.
Atmospheric pressure chemical ionization (APCI) and electrospray ionization (ESI) are
the most commonly used evaporation/ionization methods for thermally labile, nonvolatile
analytes. However, APCI has been reported to induce fragmentation on ionized lignin
model compounds under both positive and negative ion-mode.17 Because of this and the
promising results obtained17,18 previously using negative ion-mode ESI, this method was
chosen to evaporate and ionize the model compounds 1-7.
All seven model compounds formed stable deprotonated molecules ([M-H]- ions)
with no fragmentation under ESI negative ion-mode (Figures 9.12 and 9.13). The
negative charge is fixed on a phenol group in each ionized model compound. The ions’
exact m/z-values are listed in Table 9.1. No doubly deprotonated molecules ([M-2H]2-)
were observed although formation of [M-2H]2- ions from compounds with two phenol or
two carboxylic acid functional groups has been reported for ESI.24,25 However, the model
compounds containing the 5-5 linkage (1-4) that, in principle, could form these ions
would have the two deprotonated phenol groups adjacent to each other, which would not
be favorable due to Coulombic repulsion.

9.3.2 CAD Mass Spectra of Deprotonated Compounds 1 and 5: 5-5 Linkage Versus -O4 Linkage
Among the seven model compounds studied, compounds 1 and 5 are the simplest,
being dimers with only a 5-5 or a -O-4 linkage. Therefore, the comparison of the CAD
spectra of these two compounds can readily reveal the difference in fragmentation pattern
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between 5-5 and -O-4 linkages. In previous study, the deprotonated -O-4 linkage
readily cleaves upon CAD, leading to losses of H2O and CH2O, along with losses of
aromatic monomer units.20 As shown in Figure 9.2, the CAD mass spectrum of
deprotonated 5 with -O-4 linkage shows similar results. Losses of H2O and CH2O and
the monomer N1 (Figure 9.4) were observed.20 The detailed mechanistic pathways are
discussed in the next paragraph. However, the CAD mass spectrum of deprotonated
dimer 1 with 5-5 linkage shows only methyl radical loss via a homolytic cleavage of an
oxygen−methyl bond (Figure 9.14). CAD of the fragment ion (an MS3 experiment)
results in another methyl radical loss (Figure 9.14). This findings are consistent with
previous CAD studies on deprotonated guaiacol and 2-methoxy-4-methylphenol,17 which
indicated that oxygen-methyl bonds cleave readily in this type of ions. In sharp contrast,
the carbon-carbon bond between two aromatic rings (5-5 linkage) in deprotonated 1
cannot be cleaved by CAD. Therefore, CAD of deprotonated model compounds 2-4 with
both 5-5 and -O-4 linkages is expected to involve cleavages of the carbon-oxygen bonds
and -O-4 linkages but not the 5-5 linkage.
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9.3.3 Mechanistic Studies of Gas Phase Fragmentation Pathways of the -O-4 linkage:
Charge-remote vs Charge-driven Fragmentations
Although gas-phase fragmentation pathways for deprotonated -O-4 lignins were
proposed in the previous study,20-23 none of these pathways was probed by calculations.
Hence, calculations on these mechanisms for both deprotonated and neutral -O-4 lignin
dimers were carried out. The calcualtion combined with experimental results revealed
three major types of fragment pathways for -O-4 lignins..

Figure 9.3 Calculated fragmentation mechanisms for pathways I. All structures were
optimized at the B3LYP/6-31G(d,p) level of theory.

As shown in Figure 9.3, the first type of fragmentations involve losses of H2O
and/or CH2O. Based on literature, H2O molecules are lost from the hydroxyl groups at the
-positions while CH2O molecules are lost from the aliphatic hydroxymethyl groups at
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the -positions.20 According to the calculations (Figure 9.3), the losses of H2O and CH2O
from the deprotonated molecules can occur via both charge-driven and charge-remote
mechanisms. The charge-driven H2O and CH2O losses have a lower barrier (10.2
kcal/mol) than the charge-remote losses (44.1 kcal/mol) (Figure 9.2). Hence, the chargedriven H2O plus CH2O losses are likely to be predominant. They result in the base peak
in the MS2 spectra of all deprotonated compounds 2-7 (Figure 9.1, 9.8 and 9.9-9.11). This
finding also confirms the expected threo relative configuration of the -O-4 linkages in
compounds 2-7 because [M-H-H2O-CH2O]- ions have been reported to be the major CAD
product ions for deprotonated compounds with threo--O-4 linkages but not those with
erythro- -O-4 linkages.22 After initial losses of H2O and CH2O from the charge-bearing
units of the deprotonated lignin oligomers, the [M-H-H2O-CH2O]- fragment ions (with
the exception of dimers) continue to show H2O and CH2O losses in MS3 experiments
(Figures 9.15-S9.25). These fragmentations were likely to occur by charge-remote
mechanisms.
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Figure 9.4 Calculated fragmentation mechanisms for pathways II. All structures were
optimized at the B3LYP/6-31G(d,p) level of theory.

Charge-remote fragmentation mechanisms (pathway II) and charge-driven
mechanisms (pathway III) lead to formation of ions via losses of neutral aromatic monoor oligomers. Ions resulting only from these two pathways without accompanying small
molecule losses are essential to the sequencing of -O-4 lignins. These ions are named
“key ions” throughout the text and are emphasized by red boxes in Figures 9.2, 9.6, 9.8
9.9-9.11. The charge-remote fragmentations leading to losses of neutral aromatic monoand oligomers from the deprotonated analytes or their fragment ions involve units that are
far from the charge site. These fragmentations occur via losses of monomer N1 (124 Da),
dimer N2 (320 Da) or trimer N3 (516 Da) in this study (Figure 9.3). They are marked in
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green, blue and red, respectively, in Figure 9.3. Based on calculations, these
fragmentations occur via charge-remote 1,2-elimination mechanisms, which form a
double bond between the  and  positions in the product ions. As shown in Figure 9.3,
the calculated barrier for 1,2-elimination of a neutral -O-4 dimer is 44.8 kcal/mol. This
barrier could represent the barrier for charge-remote 1,2-elimination for the cleavage of
-O-4 linkages. This barrier is very close to the barriers calculated for charge-driven and
charge-remote H2O and CH2O losses (Figure 9.3) . Therefore, these three processes are
likely to occur simultaneously during CAD. Interestingly, a 1,2-elimination from the O-4 linkage next to the charged site such as -O-4 dimer has a higher barrier (69.6
kcal/mol) than charge-remote 1,2-elimination (44.8 kcal/mol). This may explain the
formation of only very small amount of ion of m/z 195 (A-) (pathway II product ion,
Figure 9.4) for a -O-4 dimer whereas the abundance of 1,2-elimination products are
much higher for other larger -O-4 oligomers (Figure 9.6, 9.8 and 9.9-9.11). The
structures of the lost neutral monomer molecules were verified by examining the
structures of the precursor and fragment ions by MS3, which all show the N1a (196 Da)
losses (Figures 9.23-9.31). Moreover, evidence in support of these charge-remote
mechanisms was obtained in this study by considering the MS2 and MS3 spectra of the
deprotonated compounds 2-7 (Figures 9.15 -9.31). Further, the MS3 spectra of [M-HH2O-CH2O]- and [M-H-H2O]- ions derived from compounds 2-7 (Figures 9.15-S9.21)
show similar patterns of N1, N2 and N3 losses as the MS spectra of the deprotonated
molecules, indicating that charge-remote fragmentations are responsible for losses of
these neutral molecules.
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Figure 9.5 Calculated fragmentation mechanisms for pathways III. All structures were
optimized at the B3LYP/6-31G(d,p) level of theory.

As for the third fragmentation pathway, the calculated charge-driven mechanism
(Figure 9.5) involves epoxide formation initiated by the -hydroxyl anion right after the
initial charge-driven H2O loss (Figure 9.5), which induces the loss of a neutral monomer
unit N1’ (178 Da) with the barrier of 20.6 kcal/mol. This mechanism is also supported by
the MS3 spectra of [M-H-H2O]- of deprotonated tetramer 7, in which the charge-driven
fragmentation is indicated [M-H-H2O]- ions but not of [M-H-H2O-CH2O]- ions, indicating
that hydroxyl groups at the  positions of the charge-bearing unit are essential for this
charge-driven fragmentation (Figures 9.31 and 9.32). However, this charge-driven
process is also competed by the secondary charge-driven CH2O loss. Since the barrier for
epoxide formation is about 18 kcal/mol higher than the CH2O losses, the charge-driven
H2O and CH2O loss (pathway I) are much more favored than the charge-driven H2O and
N1’ losses (pathway III). This is also demonstrated in scheme 1, wherein the m/z 123 (B-
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product ion in pathway II) is even less abundant than the ion of m/z 195 (A- product ion
in pathway II) despite the high barrier for 1,2-elimination near the charged site. Small
amounts of product ions in pathway III were observed observed for -O-4 trimer and
tetramer (Figure 9.6 and 9.9). Interestingly, it is not the case for -O-4 and 5-5 lignins 2-4
since only trace amounts of pathway III ions were observed (Figure 9.8 and 9.9-9.11).
There are two possible explanations fort this. One is that pathway III involves losses of
bulky neutral oligomers leaving the charge in the smaller fragment for -O-4 and 5-5
lignins. The negative charge on the small fragment is less stable than the charge on the
large fragment, since the charge is not well dispersed in small fragments. The other is that
more -O-4 linkages are present in larger -O-4 and 5-5 lignins 2-4 than simple -O-4
dimer 5 for charge remote fragmentations. For large lignin molecues such as 2-4, -O-4
linakges are more likely to fragment through charge-remote pathway II since there is only
one negative charge site for charge-driven fragmentation. Hence, there is less energy for
the pathway III fragmentations. In conclusion, pathway III involving charge-driven
mechanisms was found to produce small amounts of fragment ions for deprotonated
linear lignin dimer 5, trimer 6 and tetramer 7 (Figures 9.2 and 9.5-9.6). In sharp contrast,
deprotonated compounds containing the 5-5 linkage (2 - 4) only show trace amounts of
fragment ions formed via this charge-driven mechanism (Figures 9.9-9.11).
With the above information, three major fragmentation pathways can be
summarized for deprotonated -O-4 lignins. Pathway I involves losses of H2O and CH2O.
Both charge-driven and charge-remote mechanisms are likely to be responsible for these
losses (Figure 9.3). Pathway II involves the loss of a neutral aromatic monomer N1 (124
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Da), dimer N2 (320 Da) or trimer N3 (516 Da) (Figure 9.4) via charge-remote
mechanisms. The loss of monomer N1a (Figure 9.22) was only found in MS3 spectra of
trimeric to heptameric ions formed upon CAD of the deprotonated compounds (Figure
9.15-9.21). Monomer N1a is also likely lost via charge-remote 1,2-elimination
mechanisms (pathway II, Figure 9.4). Pathway III involves the loss of the H2O and
monomer N1’ (178 Da) through a charge-driven mechanism (Figures 9.4 and 9.5). The
structures of the major fragment ions formed in MS2 experiments were verified by MS3
experiments (data in Supporting Information).

9.3.4 CAD Mass Spectra of Deprotonated Compounds 2 and 6: Ion Groups and “Key
Ions”
The concept of “key ion” that is the ions resulting only from pathways II and III
without accompanying small molecule losses are essential to the sequencing of -O-4
lignins. The wording “ion groups” is used here to refer to a group of fragment ions that
have the same number of aromatic monomer units. They are given symbols I–VI based
on the number of aromatic monomer units they contain; ions in group I contain only one
monomer, ions in group II contain two monomers, and so on. Ion groups are formed
through pathway II (Figure 9.5) via random cleavages of the different -O-4 linkages in
the deprotonated molecules. Each ion group may contain ions with different m/z values
since losses of H2O and CH2O can occur before and after losses of aromatic units. In
lignins contain only -O-4 or both -O-4 and 5-5 linkages, the number of total linkages
(including -O-4 and 5-5 linkages) equals to the number of ion groups minus one. For
example, the -O-4 trimer 6 produces three ion groups and it contains two -O-4 linkages.
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The -O-4 and 5-5 tetramer 2 produces four ion groups and it contains two two -O-4
and one 5-5 linkages. The reason to choose 2 and 6 as examples is because that
compound 6 is a -O-4 trimer, containing only -O-4 linkages. Elucidation of the special
features in the CAD mass spectra of these two deprotonated compounds demonstrates the
differences in the fragmentation patterns of deprotonated model compounds with and
without 5-5 linkages as well as the importance of ion groups and “key ions”.
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Figure 9.6 CAD mass spectrum and proposed fragmentation pathways for deprotonated 6.
(Ions formed along pathway III are marked in purple and key ions are highlighted with
red boxes)

As shown in Figure 9.6, CAD of the deprotonated trimer 6 (of m/z 515 and with
the sequence A-BC) containing only β-O-4 linkages yields three ion groups, trimeric ions
(A-BC, ion group III), dimeric ions (A-B and B-C, ion group II) and monomeric ions (Aor B-, ion group I). Therefore this compound contains two -O-4 linkages. Besides losing
H2O and CH2O, the deprotonated trimer 6 can either lose N1 (pathway II) to form a
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dimeric ion A-B (m/z 391; ion group II) or H2O and N1’ (pathway III) to form a dimeric
ion B-C (m/z 319; ion group II). The B-C ion of m/z 319 undergoes 1,2-elimination to
expel N1 (pathway II) to form the monomeric ion of m/z 195 (ion group I). Ion of m/z
195 can also be formed from [M-H]- through 1,2-elimination of N2. The low abundance
of ion of m/z 195 is likely due to a high barrier for the 1,2-elimination occurring near the
charge site. Analysis of the mass differences between the deprotonated molecule and
these key ions in ion groups II and III (i.e., the mass difference between ions of m/z 515
and m/z 319 or ions of m/z 515 and m/z 391) reveals that these ions are formed through
pathways III and II, respectively, as well as the masses of the A and C units in trimer 6.
After a thorough analysis, the “key ions” can be identified as ions of m/z 391 (A-B), m/z
319 (B-C) and m/z 195 (A- or B-). The sequence of this trimer 6 (A-BC) can be deduced
through these three fragment ions.
As shown in Figure 9.8 and Table 9.1, CAD of the deprotonated tetramer 2
containing both β-O-4 and 5-5 linkages yields four ion groups, tetrameric ions (B’A’-AB,
ion group IV), trimeric ions (B’A’-A, ion group III), dimeric ions (A’-A, ion group II)
and monomeric ions (B’- via pathway III, ion group I). Hence, the number of total
linkages (β-O-4 and 5-5 linkages) is three. Two consecutive N1 losses via pathway II
result in the formation of ion groups II and III.
Analysis of the mass differences between deprotonated 2 and key ions in ion
group III, and ion groups II and III, confirms the masses of the two end units B and B’ in
tetramer 2. The center biphenyl moiety is stable toward CAD since only a monomeric ion
is generated through pathway III. Hence, the existence of 5-5 linkage is confirmed. This
allows the determination of the number of β-O-4 linkages to be two. Interestingly, ions of
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m/z 465 were found to be formed via two different pathways. They can be formed via the
route M-H-N1-H2O-CH2O or route M-H-H2O-CH2O-N1, which was confirmed by MS3
experiments (Figure 9.30). More fragment ions of this type can be found in the CAD
mass spectra of deprotonated hexamer 3 and octamer 4 (Figure 9.10-9.11). These
fragment ions are marked in bold in Table S1. All of their formation pathways were
confirmed by MS3 experiments. Very small amount of fragment ions (m/z 123, B’-, ion
group I) formed via charge-driven mechanisms in pathway III was observed for 2 after
lowering the low mass limit of the instrument (Figure 9.32). Hence, as explained before,
the most notable difference in the fragmentation behavior of 2 and 6 is that charge-remote
fragmentations are more prevalent for compound 2 with both -O-4 and 5-5 linkages.
The key ions for 2 can be identified as m/z 513 (B’A’-A), m/z 389 (A’-A) and m/z 123
(B’-). After the confirmation of the 5-5 linkage through the MS3 of m/z 389, the sequence
of tetramer 2 can be deduced.
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Figure 9.7 Sequencing flow chart for tetramer 7 (key ions are highlighted in red boxes)
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Figure 9.8 CAD mass spectrum and proposed fragmentation pathways for deprotonated
2 (key ions are highlighted in red boxes).
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9.3.5 A Summary for Sequencing of Deprotonated Lignin Model Compounds with Both
-O-4 and 5-5 Linkages
Based on the above information, branched deprotonated lignin model compounds
with both

-O-4 and 5-5 linkages can be sequenced based on their CAD MS2 and MS3

spectra. First, the number of linkages (-O-4 and/or 5-5 linkages) can be determined from
the number of ion groups. For larger lignin molecules, MS3 experiments are needed to
accomplish this. If the compound only contains -O-4 linkage, the number of -O-4
linkages equals to the number of ion groups minus one. If the compound contains both O-4 and 5-5 linkages, the number of -O-4 linkages equals to the number of ion groups
minus the number of 5-5 linkages minus one. Second, the monomer sequence can be
determined by consideration of the masses of key ions formed in pathways II or III for
each ion group. For example, as shown in Figure 9.4 and Figure 9.9, deprotonated
tetramer 7 shows such ions formed via pathways II and III in each ion group, such as
ions m/z 587 ([M-H-N1]-, A-BC), m/z 515([M-H-N4]-, B-CD), m/z 391 ([M-H-N2]-, A-B),
m/z 319 ([M-H-N4-N4]-, C-D) and m/z 195 ([M-H-N3]- , A-). The mass of the aromatic
unit in either end (e.g., D for 7) is equal to N1. The masses of the remaining units can be
deduced from mass differences between the lost neutral molecules. For example, for
tetramer 7, the mass of the C unit is equal to the mass difference between N2 and N1. The
mass of the A unit is equal to the mass of the N4 lost first in pathway III. Similarly, the
mass of the B unit is equal to the mass of the second N4 loss. Hence, all four monomer
units in tetramer 7 can be sequenced. Another example is provided by octamer 4 (Figure
9.11). After identification of key ions, the masses of the end units D and D’ are equal to
the mass of N1; the masses of units C and C’ equal the mass difference between N2 and
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N1; the masses of units B and B’ equal to the mass difference between N3 and N2; the
mass of the central biphenyl group is equal to the molecular weight of 4 minus the masses
of the two N3 losses. The existence of a 5-5 linkage in an unknown lignin related
molecule can be verified by three ways. The first method is examining CAD of the
dimeric fragment ions (an MS3 experiment). If no further fragmentations are observed,
the ion contains a biphenyl carbon-carbon bond. Alternatively, observation of an ion [MH-N1-N1]- indicates that there are two linear -O-4 linkages linked by a 5-5 linkage since
linear -O-4 lignin can only once loose the end unit N1. Finally, MS3 experiments can be
carried out to verify the precursor ion for each fragment ion. For example, an ion of m/z
389 is formed after two consecutive N2 losses from deprotonated compound 3 (Figure
9.8). MS3 experiments on ion of m/z 389 do not show monomeric fragment ions; only
CH2O loss was observed. These findings verify the existence of a 5-5 linkage in
compound 3.

9.4 HPLC Separation of Lignin Oligomers 1-7
In order to develop an HPLC/MSn sequencing method for lignin oligomers, pure
standard solutions of the model compounds 1-7 and a mixture containing all of them were
subjected to separation by reversed-phase HPLC using an acetonitrile (B) and water (A)
(both containing 1 mg/L ammonium formate to encourage negative ion production)
gradient elution followed by high-resolution tandem MS analysis. Zorbax SB-C18 and
Zorbax SB-Phenyl columns were chosen for testing their ability to separate the model
compounds based on literature. In a previous study, both columns were tested for the
separation of lignin model compounds (monomers and dimers).18 In that study, the
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phenyl column was found to better separate a wider range of analytes with varying
polarities.26 The molecular weights and retention times for all compounds are
summarized in Table S1 in Supporting Information.
The Zorbax SB-C18 is a reversed phase HPLC column packed with porous silica
microspheres that are functionalized with a sterically protected diisobutyl-noctadecylsilane stationary phase. By studying the model compound mixture, the optimal
linear gradient elution for this column was determined to be: 0.00 min, 90% A and 10%
B; 24.99 min, 10% A and 90% B; 25.00 min, 90% A and 10% B; 35.00 min, 90% A
and10% B; (10.00 min re-equilibration time). Figure S24 in Supporting Information
shows the UV chromatograms of the pure compounds 1-7 and Figure S25 shows the UV
chromatogram of an equimolar mixture of 1-7. The results suggest that both the size and
polarity of the analytes influence their retention time. Compounds 6 and 7, which have
very close retention times, elute first, followed by compound 5. It is interesting that
compounds 2-4, which contain more hydroxyl groups, have longer retention times than
compounds 5-7. This finding suggests that larger molecules tend to have longer retention
times. Among 2-4, 4 elutes first, followed by 3 and 2. This indicates that polarity of the
analyte plays an important role here since 4 is the most polar compound and 2 is the least
polar among these three compounds. The last compound to elute is 1, the least polar
model compound studied. Compounds 7 and 6 cannot be separated because they have
very similar sizes and polarities. Besides 7 and 6, the other five compounds can be
differentiated on the C18 column.
The Zorbax SB-Phenylcolumn is also a reversed-phase HPLC column. It is
packed with porous silica microspheres that are functionalized with a sterically protected
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diisopropyl-2-phenylethylsilane stationary phase. Based on examination of the model
compound mixture, the optimal linear gradient elution for this column was determined to
be:0.00 min, 90% A and 10% B; 29.99 min, 10% A and 90% B; 30.00 min, 90% A and
10% B; and 40.00 min, 90% A and 10% B (10.00 min re-equilibration time). Figure
S9.26 in Supplementary Information shows the UV chromatogram of an equimolar
mixture of 1-7 obtained using the Phenyl column. The elution order of the analytes is the
same on this column as for the C18 column. However, the retention time for each
compound is about 4 minutes longer, indicating that the substituded phenyl groups on the
column stationary phase have more interactions with the aromatic rings in
compounds 1-7. A better separation was achieved for all compounds except 7 and 6 on
the Phenyl column than the C18 column.

9.5 Conclusion
In this study, seven lignin model compounds with 5-5 and/or -O-4 linkages were
synthesized (chapter 3) and and their deprotonated molecules’ fragmentation patterns
were studied using tandem mass spectrometry in order to develop a sequencing method
for unknown oligomers. The gas-phase fragmentation mechanisms were examined
computationally for the first time. The deprotonated dimer compound with only a 5-5
linkage only shows methyl radical loss under CAD, indicating that the 5-5 linkage cannot
be cleaved. Upon CAD, deprotonated compounds with only -O-4 linkages showed both
charge-driven and charge-remote fragmentations. Three major fragmentation pathways
were discovered. Deprotonated compounds with 5-5 and -O-4 linkages fragment mainly
via charge-remote mechanisms, which involve losses of neutral units containing one, two
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or three aromatic rings (N1, N2 and N3, respectively). Only very small amount of chargedriven fragmentation was found. Sequencing of these deprotonated model compounds
was achieved in three steps: (1) determination of the number of ion groups (group of
fragment ions that have the same number of aromatic monomer units) in CAD mass
spectra to obtain the number of -O-4 linkages, (2) calculation of the mass differences
between the deprotonated molecules and key ions in different ion groups to identify the
monomers and get their sequences, and (3) use of MS3 experiments to verify the parent
ion for each fragment ion. The MSn method was coupled with HPLC to demonstrate that
the experiments can be carried out on chromatographic time scale. Two reversed phase
columns (C18 and Phenyl) were tested on the separation of a mixture of seven model
compounds. Phenyl column showed better separation than C18 column.

201

Figure 9.9 CAD mass spectrum and proposed fragmentation pathways for deprotonated 7.
(ions formed along path III are marked in purple; “key ions” are marked in red boxes.)
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Figure 9.10 CAD mass spectrum and proposed fragmentation pathways for deprotonated
3. (ion of m/z 319 is formed via pathway III and is marked in purple; “key ions” are
marked in red boxes.)

9.6 Detailed Description on Figure 9.9 and 9.10
As shown in Figure 9.9, four ion groups are found in the CAD mass spectrum of
deprotonated tetramer 7, also containing only β-O-4 linkages. Monomer fragment ions
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(m/z 195) that are formed in a similar manner as for trimer 6 were found after manually
lowering the lower mass limit of the instrument (Figure 9.33). Deprotonated 7 of m/z 711
with the sequence A-BCD can either lose N1 to form the trimeric ion A-BC (m/z 587) or
N2 to form the dimeric ion A-B (m/z 391) via pathway II. Two consecutive chargedriven H2O and N1’ losses via pathway III were also observed for deprotonated 7,
which lead to the trimeric ion B-CD (m/z 515) and the dimeric ion C-D (m/z 319).
Interestingly, ions with sequences A-B (m/z 391) and B-CD (m/z 515) can form product
ions of m/z 343 with different sequences (i.e., A-B via CH2O and H2O loss from ion of
m/z 391 and B-C via loss of N1 from ion of m/z 515). This was confirmed by
MS3experiments (Figure S20).
Deprotonated hexamer 3 shows five ion groups in its CAD mass spectrum (Table
1 and Figure 8) whose sizes range from dimeric (II) to hexameric (VI). Deprotonated 3
shows parallel and consecutive N1 and N2 losses via charge-remote fragmentation
mechanisms in pathway II, along with losses of H2O and CH2O via pathway I (Figure
8). Fragment ion of m/z 319 formed via a charge-driven mechanism in pathway III was
observed for deprotonated 3 in very low abundance. Based on the MS3 spectra measured
for several fragment ions of deprotonated 3 (Figures S15-S18), the central 5-5 linkage is
not cleaved in any of these experiments.
Four fragment ions (of m/z 585, 555, 537 and 359) with ion sequence A’-AB or
A’-A can be formed via two different pathways (Table 1). MS3 experiments were used to
confirm these fragmentation pathways (Figures S15-S18).
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Figure 9.11 CAD mass spectrum and proposed fragmentation pathways for deprotonated
4. (ion of m/z 515 is formed via pathway III and is marked in purple; “key ions” are
marked in red boxes.)
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9.7 Detailed Description on Figure 9.11
Similarly, deprotonated octamer 4 with both 5-5 and-O-4 linkages yields seven
ion groups upon CAD (Table 9.1 and Figure 9). These ion groups are referred to as II VIII and they range from dimeric fragment ions (II) to octameric fragment ions (VIII).
The CAD mass spectrum of deprotonated 4 shows major fragment ions arising from
pathway II, similarly to 2 and 3, which suggests that charge-remote fragmentation
mechanisms are dominant for compounds with both 5-5 and-O-4 linkages. Losses of
H2O and CH2O (pathway I) through charge-driven and charge-remote mechanisms were
also observed and have been discussed above for other compounds.
As depicted in Figure 9, the octameric deprotonated 4 (m/z 1421) with sequence
DCBAA’-B’C’D’ loses N1, N2 or N3 from the ABCD chain to give fragment ions with
sequences CBAA’-B’C’D’, BAA’-B’C’D’ and AA’-B’C’D’, respectively, likely through
charge-remote 1,2-eliminations. These fragment ions continue to lose N1, N2, and N3
molecules from the A’B’C’D’ chain via pathway II (as verified by MS3 experiments;
Figures S12-S14) until dimeric ions are formed. These ions (of m/z 389) can only be
observed after lowering the low mass limit of the instrument (Figure S23). All the
fragment ions that are formed via 1,2-elimination in pathway II (Figure 3) have a phenyl1,3-propendiol end unit as a result of the 1,2-elimination. The loss of the phenyl-1,3propenediol end unit can be observed in the MS3 spectra of these ions (Figures S12-S14)
but not in the MS2 spectrum of deprotonated 4.
After consecutive losses of several neutral fragments, different pathways
sometimes lead to the same fragment ions, such as those of m/z 929, 585 and 537, given
in bold in Table 2. Ions of m/z 929 are formed either via the sequence m/z 1101-N1-
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CH2O-H2O or m/z 1101-CH2O-H2O-N1. Ions of m/z 585 are formed either via the
sequence M-H-N3-N2 or M-H-N2-N3. Ions of m/z 537 are formed either via the
sequence m/z 905-N2-CH2O-H2O or m/z 905-CH2O-H2O-N2. These fragmentations were
confirmed by MS3 experiments (Figures S12-S14). Only very small amounts of chargedriven fragmentation products (m/z 515) (Table 1) were observed.

Figure 9.12 [M-H]- ions of compounds 1-4 formed under negative mode ESI
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Figure 9.13 [M-H]- ions of compounds 5-7 formed under negative mode ESI

Figure 9.14 CAD MS2 and MS3 spectra of deprotonated compound 1
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Figure 9.15 CAD MS3 spectra of ions of m/z 1403 and m/z 1373 formed upon CAD of
deprotonated compound 4

Figure 9.16 CAD MS3 spectra of ions of m/z 1101 and m/z 981 formed upon CAD of
deprotonated compound 3
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Figure 9.17 CAD MS3 spectra of ions of m/z 589 formed upon CAD of deprotonated
compound 2

Figure 9.18 CAD MS3 spectra of ions of m/z 693 and m/z 663 formed upon CAD of
deprotonated compound 3. The product ion formed via a charge-driven mechanism is
marked in purple.
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Figure 9.19 Proposed mechanism for the formation of ion [M-H-H2O-N1’]- in the MS3
spectrum of ion [M-H-H2O]- (m/z 693) for compound 7.

Figure 9.20 CAD MS3 spectrum of ion of m/z 467 formed upon CAD from deprotonated
compound 6
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Figure 9.21 CAD MS3 spectrum of ion of m/z 271 formed upon CAD of deprotonated
compound 5

Figure 9.22 The proposed charge-remote fragmentation pathway is expected to produce
196 Da neutral losses (N1a) in MS3.
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Figure 9.23 CAD MS3 spectra of ions of m/z 1101 and m/z 905 formed upon CAD of
deprotonated compound 4 show the same product ion of m/z 585 (in red). CAD of ion of
m/z 1101 shows loss of N1a (in light blue).

Figure 9.24 CAD MS3 spectra of ions of m/z 857 and m/z 585 formed upon CAD of
deprotonated compound 4 show the same product ion of m/z 537 (in red). CAD of ion of
m/z 585 shows loss of N1a (in light blue).
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Figure 9.25 CAD MS3 spectra of ions of m/z 1053 and m/z 977 formed upon CAD of
deprotonated compound 4 show the same product ion of m/z 929 (in red). CAD of both
ions m/z 1053 and 977 showed loss of N1a (in light blue).

Figure 9.26 CAD MS3 spectra of ions of m/z 679 and m/z 389 formed upon CAD of
deprotonated compound 3 show the same product ion of m/z 359 (in red).
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Figure 9.27 CAD MS3 mass spectra of ions of m/z 679 and m/z 585 formed upon CAD of
deprotonated compound 3 show the same product ion of m/z 555 (in red). CAD of ion of
m/z 585 shows loss of N1a (in light blue).

Figure 9.28 CAD MS3 spectra of ions of m/z 661 and m/z 567 formed upon CAD of
deprotonated compound 3 show the same product ion of m/z 537 (in red). CAD of ion
m/z 567 shows N1a (in light blue). small molecule loss.
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Figure 9.29 CAD MS3 spectra of ions of m/z 905 and m/z 709 formed upon CAD of
deprotonated compound 3 show the same product ion of m/z 585 (in red). CAD of ion of
m/z 905 shows loss of N1a (in light blue).

Figure 9.30 CAD MS3 spectra of ions of m/z 589 and m/z 513 formed upon CAD of
deprotonated compound 2 show the same product ion of m/z 465 (in red).
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Figure 9.31 CAD MS2 spectra of ions of m/z 373 and m/z 467 formed upon CAD of
deprotonated compound 7 show the same product ion of m/z 343 (in red).

Figure 9.32 CAD MS2 spectrum of deprotonated compound 2 obtained using a q value of
0.15 (normal value 0.25). Ion formed via the charge-driven pathway III is marked in red.
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Figure 9.33 CAD MS2 spectrum of deprotonated compound 7 obtained using a q value of
0.2 (normal value 0.25). The monomer fragment ion of m/z 195 is marked in red.

Figure 9.34 CAD MS2 spectrum of deprotonated compound 4 obtained using a q value of
0.15 (normal value 0.25). The dimeric fragment ion of m/z 389 is marked in red.
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Figure 9.35 HPLC chromatograms with UV absorbance detection (in absorbance units
(AU)) for compounds 1-7 obtained using the Zorbax SB-C18 column.
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Figure 9.35, continued

220

Figure 9.35, continued
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Figure 9.35, continued

Table 9.1 Chromatographic Separation of a Mixture of Model Compounds 1-7 by Using
Zorbax SB-Phenyl Column and Zorbax SB-C18 Column.
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Figure 9.36 HPLC chromatograms with UV absorbance detection (in absorbance units
(AU)) for a mixture of seven model compounds 1-7 obtained using the Zorbax SB-C18
column.

.

Figure 9.37 HPLC chromatograms with UV absorbance detection (in absorbance units
(AU)) for a mixture of seven model compounds obtained using the Zorbax SB-Phenyl
column.
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CHAPTER 10. ETERMINATION OF THE PRIMARY FAST PYROLYSIS PRODUCT
OF SYNTHESIS G-LIGNIN OLIGOMERS WITH -O-4 LINKAGES VIA ONLINE MASS SPECTROMETRY

10.1 Introduction
Fast pyrolysis holds a great potential for directly converting solid biomass into
liquid biofuel when coupled with immediate downstream upgrading.1-5 Lignocellulosic
biomass is one of the most abundant renewable resources on earth. Lignin is the second
most abundant component of this biomass (about 15%–30% by weight).6-10 Currently,
lignin extracted from whole biomass by using methods such as organosolv and kraft is
used as the starting material for pyrolysis. Several studies on pyrolysis of extracted
lignins have been published over the past several decades.11-14 However, due to the
complex and often poorly characterized nature of these extracted lignins, the reaction
mechanisms and primary products of fast pyrolysis of intact lignin, which are essential
for understanding the fast pyrolysis process of biomass, are still poorly understood.
Since the examination of the fast pyrolysis processes of lignin is challenging,
some studies have focused on the pyrolysis of monomeric lignin model compounds, such
as guaiacol, syringol, isoeugenol, and vanillin. Free radical mechanisms have been
proposed as the dominant pyrolysis mechanisms for these compounds.15,16 During the fast
pyrolysis of guaiacol, methyl radical loss followed by two CO losses were observed as
the primary decomposition radicals by using imaging photoelectron photoion coincidence
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(iPEPICO) with VUV synchrotron radiation.17 The author proposed that these radicals
could initiate reactions to produce recombination and secondary products.17 However, in
an early study, both free radical mechanisms and concerted mechanisms were proposed
for the fast pyrolysis of guaiacol based on its unusually low activation energy.15 The fast
pyrolysis behavior of dimers with β-O-4 linkages have been also studied. Phenethyl
phenyl ether, whose strucutre is analogous to β-O-4 lignin dimer, is often used for
pyrolysis studies. Fast pyrolysis of phenethyl phenyl ether at 500 °C proceeded by C-O
and C-C bond cleavages, in a 37:1 ratio, to produce styrene plus phenol as the dominant
products. Through examination of the deuterium isotope effect, it was shown that the CO cleavage occurs by homolysis and by 1,2-elimination in a ratio of 1.4:1, respectively.18
A comprehensive computational study on the fast pyrolysis of phenethyl phenyl ether
derivatives with different functional groups was conducted. The oxygen-carbon
homolytic bond dissociation enthalpy was calculated to be substantially lowered by
oxygen substituents situated at the phenyl ring adjacent to the ether oxygen.19 The
reaction rates of hydrogen atom abstraction from methoxy phenethyl phenyl ethers by
phenoxy and benzyl radicals were calculated. The results showed that methoxy
substituents decelerated the hydrogen atom abstraction by the phenoxy radical but not for
phenyl radical.20 Phenyl-shift reaction for the β-radical of phenethyl phenyl ether during
fast pyrolysis was calculated to proceed through an oxaspiro[2.5]octadienyl radical
intermediate and substituents on the phenethyl ring were reported to have only little
influence on the rate constants.21 Direct C–O bond homolysis was proposed to initiate
radical chain mechanism during pyrolysis of a β-O-4 lignin dimer.22 It has been reported
that the product distributions of fast pyrolysis of lignin dimers are more complex than
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those of monomers because more secondary reactions occur.23 Both computational and
experimental studies have been conducted on fast pyrolysis of phenethyl phenyl ether
over a wide temperature range of 300 °C - 1350 °C. The initial fast products were directly
detected by photoionization time-of-flight mass spectrometry and by cryogenic matrixisolated infrared spectroscopy. Based on the results (Figure 10.1), the author suggested
that concerted nonradical elimination reactions (retro-ene

and Maccoll reactions)

dominate over free radical reactions under typical fast pyrolytic conditions (<600 °C).24
In a recent study, fast pyrolysis of a fully acetylated β-O-4 polymeric lignin model
compound was studied. As opposed to previous literature studies, a free radical reaction
pathway was proposed to explain the products.25 However, compared to the fast pyrolysis
of lignin monomers, the fast pyrolysis products of the lignin polymers were reported to
undergo more secondary and tertiary reactions, which complicates the interpretation of
the results.25
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Figure 10.1 Four proposed routes for the initial decomposition of phenethyl phenyl ether
during fast pyrolysis. Routes a and b involve free radical mechanisms. Routes c and d
involve retroene and Maccoll reactions, respectively.24
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Since very few studies17,24 are available on the determination of the fast pyrolysis
primary products of lignin monomers and dimers, it is obvious that more studies on the
primary products and mechanisms of fast pyrolysis reactions of lignin model compounds
are needed to further unravel the complicated processes involved. Previously, fast
pyrolysis experiments have been coupled with gas chromatography/mass spectrometry
(GC/MS) to carry out on-line studies of the primary and later pyrolysis products26 of
organosolv lignin. The primary products were proposed to be monomers that form
oligomeric products through radical repolymerization.26 In a recent study, organosolv
lignin was pyrolyzed in a micropyrolyzer and the vapor was directly analyzed using
online GC/MS, or recovered in a cold solvent and then analyzed using gel permeation
chromatography and high-resolution FT-ICR mass spectrometry.27 A total of 569
phenolic compounds with molecular weight less than 504 Da were found, which were
significantly smaller than phenolic oligomers recovered from condensed bio-oil. The
most abundant phenolic compounds among these smaller molecules were monomers
followed by dimers, trimers and tetramers. It was proposed that reactive phenolic
monomers could reoligomerize during fast pyrolysis.27 A limitation of the GC/MS
approach is that it only allows relatively volatile and thermally stable compounds to be
observed and it may not allow detection of primary products. Thus, only certain lignin
dimer and monomer products can be detected. Moreover, due to the limited availability
of reference compounds to confirm

the EI mass spectra measured for unknown

compounds, only the structures of lignin monomers can be determined through GC/MS.
In order to overcome the above limitations of pyrolysis/GC/MS, an on-line mass
spectrometric analysis method published recently28 was employed to detect the primary
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products of fast pyrolysis of lignin model compounds ranging from trimers to a polymer.
The primary products are defined here as the products that first leave the hot pyrolysis
surface. This is likely to be the first time that pure lignin oligomers (larger than dimer)
are studied in fast pyrolysis. All model compounds contain the -O-4 linkage as this is
the most abundant type of a lignin linkage in nature, constituting about 50% of the
linkages in total lignin in softwood.1

10.2 Experimental Section
Materials. The synthesis of the lignin model compounds 1-4 is described in the
literature.30 Methanol (Optima LC/MS ≥99.9%, CAS 67-56-1) was purchased from
Fisher Scientific, ammonium hydroxide (28-30% as NH3, CAS 1336-21-6) was
purchased from Mallinckrodt Chemicals, and compressed nitrogen gas (≥99.9%, CAS
7727-37-9) was purchased from Indiana Oxygen. All purchased chemicals were used
without further purification.
Mass Spectrometry. Detection and characterization of lignin fast pyrolysis
products was performed using a Thermo Scientific (Waltham, MA) LTQ linear
quadrupole ion trap (LQIT) mass spectrometer, as described previously.28,35 High
resolution data to determine elemental compositions were collected using a 7 Tesla
Thermo Scientific LTQ-FT-ICR. Solutions for direct injection experiments of model
compounds were made at a concentration of 10-5 M in 3 mL methanol : water (50 : 50 v/v)
with 200 μL ammonium hydroxide dopant for negative ion mode mass spectrometry.
The solutions were pumped into an APCI source via the APCI probe at a rate of 3 μL/min
with a solution of methanol : water (50 : 50 v/v) tee-infused from the LC at a rate of 100
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μL/min. During pyrolysis experiments, ammonium hydroxide: water (75 : 25 v/v) dopant
solution was pumped into the APCI source via the APCI probe at a rate of 1 μL/min with
a solution of methanol : water (50 : 50 v/v) tee-infused from the LC at a rate of 300
μL/min. The variables of the LQIT were set to the following values for all experiments:
discharge current 5.0 μA, vaporizer temperature 300 °C, sheath gas (N2) flow 40 arbitrary
units, auxiliary gas flow (N2) 10 units, sweep gas flow (N2) 0 arbitrary units, capillary
temperature 250 °C, capillary voltage -1 V, and tube lens voltage -105 V. Collisionally
activated dissociation (CAD) experiments used an ion isolation window of ±2 Daltons
(Da), with the normalized collision energy ranging from 5 up to 30 arbitrary units and
activation time being 30 ms. Data collection and processing was carried out using
Xcalibur 2.1 software.
Pyrolysis probe. All pyrolysis experiments were performed using an experimental
set-up published earlier.28,35 The pyrolysis probe is based on a Pyroprobe 5200HP
purchased from CDS Analytical (Oxford, PA). The pyrolysis probe uses a resistively
heated platinum ribbon (2.1 mm x 35 mm x 0.1 mm) with the ability to heat at rates up to
20,000 °C s-1. Based on previous work in other laboratories, platinum does not act as a
catalyst during the pyrolysis experiments.36,37 Roughly tens to hundreds of micrograms of
sample were loaded onto the platinum ribbon and held onto the surface via electrostatic
attraction. This method of loading of the ribbon resulted in a submonolayer of sample on
its surface. This was done to ensure rapid and uniform heat transfer to all particles. The
ribbon was heated up to 600 °C at a rate of 1,000 °C s-1 resulting in a heating time of 0.6
s. The pyroprobe was maintained at 600 °C for 1 s.
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Determination of the primary products of fast pyrolysis of lignin model
compounds. The tip of the probe described above was inserted into the ionization
chamber of the LQIT through a home-built adaptor that was placed into the unused
atmospheric pressure photoionization (APPI) port. This adaptor positioned the platinum
ribbon approximately 5 mm in front of and 5 mm below the skimmer cone/inlet of the
LQIT. A diagram of this setup has been published previously.28 Once pyrolysis occurred,
the evaporated products were immediately diluted via diffusion into the 2 L ionization
chamber and subsequently quenched via collisions with nitrogen gas (at about 100 oC),
which prevented secondary reactions. The products were ionized and characterized by
multi-stage tandem mass spectrometry experiments.

10.3 Results and Discussion
Four -O-4 lignin model compounds 1-4 (Figure 10.2) were used in this study,
i.e., two trimers (1 and 2), one tetramer (3) and one polymer (4). The degree of
polymerization (n) of polymer 4 is about 20.29 The synthesis procedures used for 1-3
have been described previously.30 All phenyl rings in compounds 1-3 are named starting
from the phenolic 4-end on the left to 1-end on the right as A, B, and C rings for trimers 1
and 2 and A, B, C, and D rings for tetramer 3 (Figure 10.2). The A ring is named as the 4end unit. The B ring in 1 and 2 and the B and C rings in 3 are named as middle units. The
C ring in 1 and 2 and D ring in 3 are named as 1-end unit. Compounds 1 and 3 share the
same 4-end, middle and 1-end units, which is also true for compounds 2 and 4. However,
the 1-end unit (guaiacol) of 1 and 3 is different from the 1-end unit (guaiacol with a 1,3-
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propanediol moiety) of 2 and 4. The difference in the 1-end units among these
compounds could allow the facile identification of 1-end unit related pyrolysis products.
For fast pyrolysis experiments, the lignin model compounds 1-4 (1 mg) were
loaded onto the ribbon of the pyrolysis probe, which was then heated at a rate of
1000 °C/s up to a final temperature of 600 °C and held there for one second. During
pyrolysis, the primary products evaporated off the ribbon and were quenched by nitrogen
gas in the ion source, instantly ionized by (-)APCI with ammonia hydroxide dopant,31-33
and then detected by a linear quadrupole ion trap (LQIT) mass spectrometer. Because ()APCI with ammonium hydroxide as dopant facilitates the ionization of phenolic
moieties,30 all the lignin pyrolysis products with a free phenol group are expected to be
ionized and detected at nearly equal efficiency. The total residence plus analysis time (the
time between when the pyrolysis probe starts heating and the detection of the first
pyrolysis products by the mass spectrometer) was 125 ± 57 ms.34 The short residence
time minimizes secondary reactions. Under the above fast pyrolysis conditions, the -O-4
lignin dimer undergoes thermal evaporation rather than complete pyrolysis since the -O4 lignin dimer molecule is the only product observed during fast pyrolysis. Hence, the
lignin trimers and tetramer 1-3 are the smallest model compounds studied.
In this section, a detailed comparison of the primary fast pyrolysis products of 1-4
will be presented. Then the possible mechanisms for fast pyrolysis of -O-4 lignin are
discussed using tetramer 3 as an example.
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Figure 10.2 The lignin model compounds (1-4) used in this study. The -O-4 linkages in
compounds 1-3 are in trans relative configuration. Polymer 4 has a ratio of 1:1 for
cis/trans -O-4 linkages. The number n is about 20 for 4.

10.3.1 Comparison of the Primary Fast Pyrolysis Products of 1-4
The negative-mode APCI mass spectra (MS1) measured for the primary fast
pyrolysis products of compounds 1-3 are shown in Figure 10.3. The ionized pyrolysis
products are distributed in monomeric (m/z 100-250), dimeric (m/z 250-450), trimeric
(m/z 450-600) and tetrameric (m/z 600-750) mass regions according to their mass-tocharge ratio (m/z). The deprotonated 1-3 (m/z 515, 589 and 711) are observed in the mass
spectra, indicating that some intact 1-3 molecules were able to evaporate off the ribbon
without being fragmented. The ionized pyrolysis products formed directly from the
molecules without any H2O and CH2O losses are called key pyrolysis products, such as
AB (m/z 391 of deprotonated form) and BC (m/z 319) of 1. The structures of these
deprotonated key pyrolysis products were confirmed through CAD via comparison to
CAD measured for deprotonated authentic compounds in a previous study (e.g., ions of
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m/z 319, 271 and 515 for 3, Figures S10.10-S10.12 in supporting information).30 For
example, as shown in Figure S10.10, the MS2 spectrum of the deprotonated -O-4 dimer
(m/z 319) obtained through direct injection of a synthesized dimer into the ion source
followed by ionization is similar to that measured for an ion of m/z 319 isolated from the
MS1 pyrolysis/ionization mass spectrum of 3. This means that the structures of these two
m/z 319 ions are the same. It is also true for dimer ion m/z 271 (Figure 10.11) and trimer
ion m/z 515 (Figure S10.12). This observation demonstrated that these primary lignin
pyrolysis products came directly from the fragmentation of the parent molecules 1-3 and
not via repolymerization of monomeric products, which is in disagreement with a
previous report that the primary fast pyrolysis products of lignin are monomers and the
lignin oligomers observed after pyrolysis came from repolymerization of the
monomers.26
Most other pyrolysis products showed different degrees of H2O and CH2O losses
from the above mentioned key pyrolysis products. The dimeric pyrolysis products were
the most abundant products for 1-3, followed by monomeric pyrolysis products. In the
monomer mass region (Figure 10.3), the ionized 4-end A unit, a the key ionized pyrolysis
product (m/z 195), can be easily identified for 1-3 that share the same 4-end A unit.
Compound 1 and 3 share the same 1-end C or D unit. Indeed, a key ionized pyrolysis
product (m/z 123) of the 1-end C or D unit of 1 and 3 can be identified. Trimer 2 has a
different 1-end C unit. The ionized 1-end C unit of 2 (m/z 197) is identified. Most other
ionized monomer pyrolysis products are formed through different degrees of H2O, CH2O
or methyl radical losses from these three monomer key pyrolysis product with m/z 123,
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m/z 195 and m/z 197 (Figure 10.3 and Table 10.1). In the monomer region, all three
compounds show similar pyrolysis products.
Monomer pyrolysis products of 3 in the mass range of m/z 100-200 is used as an
example. The proposed structures of Monomer pyrolysis products of 3 are shown in
Figure 10.4. Product ions (m/z 195, 179, 177, 165, 151,123) with odd mass to charge
ratios were detected These structures were deduced based on their elemental
compositions and CAD patterns (Table 10.2). Some monomeric pyrolysis products
observed in this study are consistent with those published in previous reports of
pyrolysis/GC/MS of organosolvlignin,25 such as 2-methoxyphenol and coniferyl alcohol.
In the dimer mass region (Figure 10.3), three key ionized pyrolysis products are
identified: ions with m/z 319 (BC or CD unit for 1 and 3), m/z 391 (AB unit for 1-3 and
BC unit for 3) and m/z 393 (BC unit for 2). Most other ionized dimer pyrolysis products
are formed through different degrees of H2O and CH2O losses from these three dimer key
pyrolysis product (Table 10.1). For example, the dimeric pyrolysis products of 3 are
shown in Figure 10.5. Three ionized key pyrolysis products (a with m/z 515, b with m/z
391 and c with m/z 319) are identified. Other dimeric pyrolysis products are formed
through H2O and CH2O losses from these three products. In the trimer mass region, a key
ionized pyrolysis product of m/z 515 is visible for tetramer 3. The observed tetrameric,
trimeric, dimeric and monomeric pyrolysis products of 1-3 are summarized in Table 10.1.
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Figure 10.3 The negative-mode APCI mass spectra (MS1) measured for compounds 1-3
after fast pyrolysis.
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Figure 10.4 Proposed structures for several monomeric fast pyrolysis products (detected
as deprotonated molecules) of 3.
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Figure 10.5 Dimeric fast pyrolysis products (detected as deprotonated molecules) of 3.
Three key pyrolysis product with m/z 515 (a), m/z 391(b) and m/z 319 (c) as well as
other pyrolysis products with different degrees of H2O and CH2O losses from the key
products can be identified.

As for fast pyrolysis of the polymer 4 (Figure 10.6), the dimers and monomers are
the major products, as for 1-3. Small amounts of trimers and tetramers could be also
detected. However, no oligomers (deprotonated molecules with m/z values > 800) larger
than the tetramer could be detected, which indicates that the largest oligomer that is
volatile enough to leave the ribbon surface intact is a tetramer. Hence, oligomers larger
than tetramers break down into tetramers or smaller molecules before evaporating from
the heated ribbon surface during fast pyrolysis. 3 and 4 yield similar pyrolysis products in
the dimer and monomer regions (Figure 10.6). The key pyrolysis products with m/z 195,
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391 and 393 of 4 can be observed. The deprotonated pyrolysis products of m/z 319 and
m/z 271 (formed by H2O and CH2O losses from ion of m/z 319) represent the CD dimer
1-end unit of 3 whereas polymer 4 does not contain this 1-end dimer unit. The 1-end
dimer unit of 4 is detected as ion of m/z 393. This 1-end dimer unit of 4 is the same as the
1-end dimer BC unit of 2. Since both 3 and 4 share the same 4-end and middle units, they
form the same key pyrolysis dimer product (ion of m/z 391) as well as all the other
pyrolysis products arising via H2O and CH2O losses from this key pyrolysis product. This
finding confirms that the ionized 1-end monomer unit, middle dimer units and 4-end
dimer unit of polymer 4 can be detected. The observation of similar pyrolysis products
for polymer 4 and tetramer 3 implies that they share similar pyrolysis mechanisms, which
will be discussed in the next section. Moreover, this finding demonstrates that tetramer 3
is a good surrogate to study pyrolysis of -O-4 lignin polymers.
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Figure 10.6 The negative-mode APCI mass spectrum (MS1) measured for polymer 4 after
fast pyrolysis and the comparison of the monomer and dimer regions for polymer 4 and
tetramer 3. The ions of m/z 319 and 271 are not found in the mass spectrum of polymer 4
since polymer 4 does not have the same end units as tetramer 3.

10.3.2 Insights Into the Mechanisms of Fast Pyrolysis Of -O-4 Lignin Tetramer 3:
Concerted Nonradical Elimination Mechanisms Vs Radical Mechanisms
It is essential to understand the mechanism(s) for the cleavage of the -O-4
linkage during fast pyrolysis since this mechanism is directly related to primary product
formation. As described shown in Figure 10.1, under our pyrolysis conditions, only ions
with odd mass to charge ratio can be observed, indicating these ions are formed through
non-radical pathway. If -O-4 lignin pyrolysis occurs through concerted nonradical
elimination mechanism, it is expected to proceed through either retro-ene or Maccoll

241
reaction to yield non-radical pyrolysis products. In this section, lignin tetramer 3 is used
to illustrate the possible mechanisms leading to the formation of the primary pyrolysis
products. As shown in the previous section, nonradical pyrolysis products dominate of
dimer, trimer and tetramer for compounds 1-4, indicating that nonradical mechanisms are
involved in the cleavage of -O-4 linkages during pyrolysis. Evidence in support for
concerted nonradical elimination mechanisms comes from the key pyrolysis product ions
(m/z 195, 319, 391 and 393). First, the observation of all these products for 1-4 during
fast pyrolysis implies that the mechanism leading to these products is energetically
favored. As shown in Figure 10.7, the barrier for concerted Maccoll elimination of -O-4
linkage is calculated to be only 44.8 kcal/mol.[30] The previous study demonstrated that
the homolytic bond dissociation energies for the C-O and C-C bonds (radical mechanism)
in the-O-4 linkage are 69 kcal/mol and 76 kcal/mol, respectively,24 which is much more
than the barrier for Maccoll elimination. Moreover, the barrier for concerted H2O and
CH2O losses was calculated to be only 44 kcal/mol (Figure 10.7),30 which is similar to
the barrier of Maccoll elimination (45 kcal/mol, Figure 10.7),30 The similar barriers for
Maccoll elimination and concerted H2O and CH2O losses indicates that both processes
can occur simultaneously during fast pyrolysis, which is also confirmed by experimental
data. Second, if the mechanism of cleavage of the -O-4 linkage proceeds through radical
mechanism to form these key pyrolysis products, more radical related products, such as H
abstraction products and polymerized products, can be expected. However, none of these
radical related products were observed as major product.
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Figure 10.7 Proposed fast pyrolysis mechanisms for the cleavage of -O-4 linkages and
the elimination of water and formaldehyde. The energy barriers for these processes were
calculated at the B3LYP/6-31G(d,p) level of theory.30

The third piece of evidence comes from the comparison of the pyrolysis spectrum
of 3 (MS1) and the collision-activated dissociation (CAD) products of deprotonated 3
(MS2) using direct injection (Figure 10.8). CAD is achieved through the collision of the
ionized molecule with helium buffer gas in the ion trap of the mass spectrometer.
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Obviously, CAD is a lower energy fragmentation process compared with fast pyrolysis.
In previous studies, the gas-phase fragmentation mechanisms of deprotonated lignin
oligomers 1-3 were examined.30-34 Both charge-driven and charge-remote (concerted
elimination) mechanisms were proposed for the cleavage of -O-4 linkages during
CAD.30-34 As shown in Figure 10.8, key pyrolysis product ions such as m/z 587, 515, 391,
319 and 195 are observed in both the pyrolysis spectrum and the CAD spectrum, which
implies these two complete different process may share similar mechanism. Moreover,
these products were proved to formed through concerted elimination of the -O-4 linkage
during CAD.30 This indicates that the concerted Maccoll elimination of the -O-4 linkage
is the favored low energy fragmentation pathway. There are also some clear differences
between the pyrolysis mass spectrum and the CAD mass spectrum of 3. Firstly, the high
abundance of m/z 693 and m/z 663 in the CAD spectrum is formed through chargedriven H2O and CH2O losses during CAD, which has a barrier of only 10 kcal/mol.30
However, in the pyrolysis mass spectrum, only small amounts of deprotonated pyrolysis
products of m/z 663 are observed, which are likely formed through concerted elimination
of H2O and CH2O with the barrier of 44 kcal/mol.30 Secondly, the pyrolysis spectrum
shows more than twenty products (table 10.1) with different degrees of H2O and CH2O
losses from the key pyrolysis products whereas only six similar products (m/z 693, 663,
539, 467, 343, 271) are found in the CAD spectrum. Thirdly, no radical ion is found in
the CAD spectrum. In the pyrolysis spectrum, very few radical products are observed in
the monomer and dimer mass range, indicating the radical mechanism may still
contributes to the pyrolysis of -O-4 lignin. These three differences clearly indicate that
fast pyrolysis is a higher energy fragmentation process compared with CAD. Hence,
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during fast pyrolysis, besides the major low energy fragmentation pathway of -O-4
lignin such as Maccoll elimination and concerted H2O and CH2O losses, radical
mechanisms such as homolytic C-C and C-O bond cleavages are also present in small
percentage. In conclusion, as shown in Figure 10.9, concerted Maccoll elimination is
proposed to be the dominate mechanism leading to the cleavage of -O-4 linkages and
the formation of key pyrolysis products. Simultaneous concerted H2O and CH2O losses
occur from these key pyrolysis products, leading to the formation of the primary
monomer, dimer, trimer and tetramer pyrolysis products during the first 125 ± 57 ms of
fast pyrolysis. For monomer lignin products, concerted mechanisms also contribute to the
primary product distribution.
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Figure 10.8 The top mass spectrum (MS1) shows all the major primary fast pyrolysis
products of compound 3 that were ionized under APCI negative mode. The bottom
negative-mode APCI mass spectrum (MS2) shows the CAD fragment ions of
deprotonated 3 introduced into the mass spectrometer using direct injection. Ions marked
in bold (m/z 587, 515, 391, 319 and 195) are key pyrolysis products formed through
Maccoll elimination from deprotonated 3 without H2O and CH2O losses.
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Figure 10.9 The proposed primary products for fast pyrolysis of 3. Compound 3 yields
trimer, dimer and monomer fragments via concerted Maccoll elimination (E) upon rapid
heating. Simultaneous water and formaldehyde losses also occur during this process. The
resulting products are evaporated off the ribbon surface, ionized and detected by the mass
spectrometer.
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Figure 10.10 The CAD pattern of m/z 319 isolated from the pyrolysis spectrum of 3 is the
same as the CAD pattern of authentic dimer using direct inject.
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Figure 10.11 The CAD pattern of m/z 271 isolated from the pyrolysis spectrum of 3 is the
same as the CAD pattern of m/z 271 from authentic dimer using direct inject.
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Figure 10.12 The CAD pattern of m/z 515 isolated from the pyrolysis spectrum of 3 is the
same as the CAD pattern of m/z 515 from authentic 1 using direct inject.

10.3.3 Fast Pyrolysis of Lignin Model Compounds with 5-5 and -O-4 Linkages
This section presents some of the latest data on the pyrolysis study of synthesized
lignin tetramer, hexamer and octamer (chapter 3) with both 5-5 and -O-4 linkages
(Figure 10.13). The mass spectrum (MS1) of these three compounds show all the major
primary fast pyrolysis products as the above discussed -O-4 compounds (Figure 10.1410.17). Interestingly, the tetramer with both 5-5 and -O-4 linkages shows the pyrolysis
product that is formed through the cleavage of 5-5 linkage. As discussed in chapter 9, the
5-5 linkage does not cleavage under CAD condition. However, under the pyrolysis
condition, the 5-5 linkage is likely to be cleavaged homolytically (Figure 10.14) forming
the benzyl radical site. The benzyl radical can abstract a hydrogen atom and form a dimer.
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After ionization, the dimer will show the mass of m/z 319 (Figure 10.15). However, this
is not observed for larger hexamer and octamer. It can be explained that the multipule O-4 linkages present in the large lignin molecuels disperses the energy required to cleave
5-5 linkage. More studies will be done on the pyrolysis of these model compounds.

Figure 10.13 Lignin tetramer, hexamer and octamer with both 5-5 and -O-4 linkages
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Figure 10.14 The mass spectrum (MS1) shows all the major primary fast pyrolysis
products of a lignin tetramer with -O-4 and 5-5 linkages that were ionized under APCI
negative mode.

Figure 10.15 The proposed mechanism for the cleavage of 5-5 linkage in a lignin tetramer
with both -O-4 and 5-5 linkages under fast pyrolysis conditions
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Figure 10.16 The mass spectrum (MS1) shows all the major primary fast pyrolysis
products of a lignin hexamer with -O-4 and 5-5 linkages that were ionized under APCI
negative mode.

Figure 10.17 The mass spectrum (MS1) shows all the major primary fast pyrolysis
products of a lignin octamer with -O-4 and 5-5 linkages that were ionized under APCI
negative mode.
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Table 10.1 All major tetrameric, trimeric, dimeirc and monomeric pyrolysis product ions
of 1-3 with m/z, relative abundances and fragment sequences. Water (W) and
formaldehyde (F) losses are also indicated. Ions in bold are parent fragment ions.
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Table 10.2 CAD of small lignin products produced upon pyrolysis of β-O-4 G-Lignin
tetramer along with proposed structures.

10.4 Conclusion
The primary fast pyrolysis products of four -O-4 lignin model compounds were
determined using a linear quadrupole ion trap mass spectrometer coupled with a fast
heating pyrolysis probe. Both calculations and experimental data suggest that cleavages
of the -O-4 linkages likely occur via concerted Maccoll elimination rather than radical
mechanisms. Based on the results presented here, the first steps of fast pyrolysis of lignin
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oligomers mainly involve concerted Maccoll eliminations as well as concerted H2O and
CH2O losses to give primary pyrolysis products ranging from monomers to tetramers.
The lignin tetramer was found to be the largest oligomer that could evaporate intact off
the ribbon surface during pyrolysis. Finally, lignin tetramer 3 was discovered to be a
good surrogate to study the details of pyrolysis of -O-4 lignin polymers.
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CHAPTER 11. GAS PHASE REACTIVITIES OF 2,7,9-TRIDEHYDROACRIDINIUM
CATION AND RELATED MONO- AND BI-RADICALS

11.1 Introduction
Aromatic

carbon-centered

σ,σ,σ-triradicals

(tridehydroarenes),

reactive

intermediates with three unpaired electrons, have not received as much attention as their
mono- and didehydroarene analogs. Almost all the studies carried out on
tridehydroarenes are theoretical due to the difficulty in studying such highly reactive
species experimentally.1-8 The limited experimental studies on tridehydroarenes include
thermochemical measurements on 1,3,5-tridehydroarenes9 and matrix isolation and IR
detection

of

1,2,3-tridehydroarene10

and

trifluoro-1,3,5-tridehydroarene.11

1,2,3-

Tridehydrobenzene was generated by photolysis of 3-iodophtalic anhydride10 while
trifluoro-1,3,5-tridehydrobenzene was generated by flash vacuum pyrolysis of
trifluorotriiodobenzene.11 Recently, our group reported kinetic reactivity studies of three
tridehydroarenes, the 3,4,5-tridehydropyridinium,12 2,4,6-tridehydropyridinium13 and 3hydroxy-2,4,6-tridehydropyridinium14 cations, by using the distonic ion approach15 and
Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry. The reactivity of
the 3,4,5-tridehydropyridinium cation suggests that this triradical is best described as a
highly reactive ortho-benzyne with a much less reactive radical site.12 On the other hand,
the 2,4,6-tridehydropyridinium cation shows high radical reactivity (due to the radical
site adjacent to the nitrogen atom) followed by low reactivity characteristic of meta-
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benzyne.13 The same behavior was found for the 3-hydroxy-2,4,6-tridehydropyridinium
cation. This triradical is best described as a reactive monoradical with a chemically inert
meta-benzyne moiety.14 The reactivities of σ,σ,σ-tridehydroisoquinolinium cations were
explored,

including

4,5,8-tridehydroisoquinolinium

cation,

1,4,5-

tridehydroisoquinolinium cation, 1,5,8-tridehydroisoquinolinium cation and 1,2,5tridehydroisoquinolinium
comparable

rates

to

cation.15 4,5,8-Tridehydroisoquinolinium cation reacts at
the

4,5-didehydroisoquinolinium

cation.

1,2,5-

Tridehydroisoquinolinium cation showed both ortho-benzyne and radical reactivity.
However, 1,4,5-tridehydroisoquinolinium cation and 1,5,8-tridehydroisoquinolinium
cation were found to undergo ring-opening during generation due to their para-benzyne
moieties.15
In order to improve the knowledge on the chemical properties of triradicals and
their reactivity controlling factors, the reactivity of the 2,7,9-tridehydroacridinium cation
1 was examined (Figure 11.1). 2,7,9-Tridehydroacridinium cation 1 is of special interest
since it contains three weakly coupled radical sites, as opposed to all other charged
triradicals examined thus far. Further, the acridine skeleton will allow one to explore
many more radical distances and orbital orientations as well as locations of substituents
than the pyridine or quinoline skeletons studied previously. Finally, comparison of the
reactivity of 2,7,9-tridehydroacridinium cation to that of three isomers (Figure 11.2) is
also of interest as they should have different extents of spin-spin coupling.
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Figure 11.1 The tridehydro-, didehydro- and dehydroacridinium cations studied

Figure 11.2 Other acridine triradicals of interest.

11.2 Experimental Section
The precursors of the mono- and biradicals 2-5 and triradical 1 were synthesized
as described in Chapter 3. Cyclohexane and dimethyl disulfide were purchased from
Sigma Aldrich and used as received. The mono-, bi- and triradicals were generated in an
FT-ICR by using methods described previously.13-14,17 SORI-CAD was used to cleave C-I
bonds in the protonated precursors as discussed in Chapter 2. The radicals were isolated
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and allowed to react with reagents for varying periods of time, as described previously.1523

The structures of all the radical species were confirmed by using earlier reported

structurally diagnostic reactions.24-27 All molecular orbital calculations were carried out
by Dr. John Nash using the Gaussian 03 and Molpro electronic structure program suites.
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Figure 11.3 Generation of 2,7,9-tridehydroacridinium cation in FT-ICR

11.3 Possible Reactivity Controlling Factors of Triradicals
One of the main goals of the reactivity studies of triradicals is to improve the
understanding of the factors that control their reactivity. The reactivity of polar
monoradicals is controlled by their electron affinity (EA) and hydrogen

bonding

interactions in the transition state. Besides these reactivity controlling factors, the
singlet-triplet energy splitting (S-T gap) is a reactivity controlling factor for singlet
biradicals. Also, the energy required to expand the dehydrocarbon atom separation (DAS)
during transition state is a reactivity controlling factor for meta-benzynes.28,29 All these
reactivity controlling factors may prove to be important when analyzing the reactivity of
triradicals. The doublet-quartet gap (D-Q gap), instead of the S-T gap used for biradicals,
needs to be considered. The D-Q gap is defined as the energy difference between the
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lowest energy doublet and the lowest energy quartet states. The doublet and the quartet
states of triradicals are depicted in a general manner in Figure 11.4.

Figure 11.4 Doublet and quartet states of σ,σ,σ-triradicals.

11.4 Reactivity of 2,7,9-Tridehydroacridinium Cation
The five positively charged radicals (1–5) studied in the gas phase in an FT-ICR
mass spectrometer are shown in Table 10.1. Their reactivity toward two reagents
cyclohexane and dimethyl disulfide were used for probing the reactivities of triradical 1
and its mono- and biradical analogs 3-5 (Table 11.1). Both monoradicals 4 and 5 reacted
predominantly by abstraction of a H atom from cyclohexane and a thiomethyl from
dimethyl disulfide as expected.12-14,28 Similarly, biradicals 2 and 3 also reacted
predominantly by abstraction of two H atoms from cyclohexane and two thiomethyl from
dimethyl disulfide. For 2,7,9-tridehydroacridinium cation 1, three H atoms and three
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thiomethyl abstractions were observed for cyclohexane and dimethyl disulfide as
expected as well.
The reactivity of monoradical 4 is greater than that of 5 due to its higher EA, as
expected.28 Through reactivities of the these two monoradical 4 and 5, it was obvious that
the radical on the 9 position reacted faster than the radicals on 2 or 7 positions. Although
biradial 3 has a smaller S-T splitting (0 kcal/mol) than that of 2 (S-T splitting: -0.6
kcal/mol), it reacts slower than 2 , likely due to its lower EA (5.62 eV) compared to the
EA of 2 (5.76 eV). The radical on the 9 position is likely to react first followed by the
radical on the 2 position for biradical 2. However, more detailed analysis of the reaction
kinetics of 2,9-didehydroacridinium cation 2 revealed the presence of two isomeric
reactant radicals, one is reactive and another one that is not. The unreactive isomer of 2
had the abundance ratios of 63% when reacted with cyclohexane, and of 38% when
reacted with dimethyl disulfide.
The above observations prompted closer examination of the reaction kinetics of
related biradicals. The discovery of two isomeric structures also within the ion
populations of 2,9-didehydroacridinium cation 2 and a related biradical, the 4,6didehydroquinolinium cation (Figure 11.5), but not for the 2,7-isomer 3 suggests that two
radical sites in the 2,9- (4,6-) positions cause the observation of two isomers in the
reactant ion populations. In contrast to the observation of a reactive and an unreactive
isomer for the triradical, the ion populations observed for above biradicals contain a
totally unreactive and a reactive isomer. Some rearrangement might be happened that
quenched

two

radical

sites

didehydroquinolinium cation.

in

2,9-didehydroacridinium

cation

and

4,6-
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Quantum chemical calculations revealed a highly favorable rearrangement (Figure
11.5) that generates a substantially more stable even-electron cation (-35 kcal/mol lower
in energy) from the 4,6-didehydroquinolinium cation with no barrier (Figure 11.5). This
even-electron cation is expected to be unreactive toward the radical probe reagents
studied. This reactivity of this even-electron isomer should be comparable to benzyl
cation, which is not reactive toward cyclohexane and dimethyl disulfide.30 Furthermore,
CAD of the unreactive isomer of biradical 2 does not show any fragmentation, which also
supports the structure proposed for the unreactive isomer.
As shown in Figure 11.6, the sequence of C-I bond cleavage to generate 2,7,9tridehydroacridinium cation 1 was obtained through the reactivity of the biradical 1a and
monoradical 1b (Table 11.2). The biradical 1a and monoraidical 1b were generated after
cleavage of two and one C-I bonds in mass spectrometer, respectively. Similar
reactivities and reaction products were observed between biradical 1a and biradical 2,
and between monoradical 5 and monoradical 1b. Hence, the generation of 2,7,9tridehydroacridinium cation 1 is initiated by the cleavage of the C-I bond in the 2position followed by the cleavage of the C-I bond in the 9-position and lastly the
cleavage of the C-I bond in the 7-position. Hence, during the second CAD, the 7-Iodo2,9-didehydroacridinium cation is formed, which is similar to the above discussed 2,9didehydroacridinium cation. Same rearrangement is also expected to occur for 7-Iodo2,9-didehydroacridinium cation. Indeed, a reactive isomer and a less reactive isomer were
found for 2,7,9-tridehydroacridinium cation 1. As shown in Figure 11.6, a rearranged
monoradical 1c and a triradical 1 were formed after three CAD in the mass spectrometer.
The resulting rearranged molecule 1c still contain a reactive radical site at 2-position.
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As for the reaction efficiency, the triradical 1 is expected to react slower than the
rearranged monoradical 1c, likely due to its low EA (5.0 eV). The low D-Q splitting may
also contribute to its low reactivity. The rearranged isomer that only contains one radical
site at the 2-position (Figure 11.6) shows similar reactivity (Eff.=2%) to that of a related
monoradical 5 (Eff.=2%) toward cyclohexane. For dimethyl disulfide, the reactive isomer
of 1 (Eff.=22%) also has similar reactivity as monoradical 5 (Eff.=17%). The isomer 1c
has the abundance ratio of 66%, which is very close to that of the unreactive isomer of 2
(62%) when reacted with cyclohexane. In the case of dimethyl disulfide, the ratio of
isomer 1c and the unreactive isomer of 2 is also very close (32% versus 38%). The
similar abundance ratio of 1c and the unreactive isomer of 2 indicates that these two
isomers are formed via similar mechanism. Hence, it is proposed that the faster reacting
isomer 1c (in red) has the rearranged structure while the slowly reacting isomer 1 (in blue)
(Eff. = 0.08% for cyclohexane and Eff. = 0.5% for dimethyl disulfide) is the desired
triradical (in blue) (Figure 11.6).
Triradical 1 mainly reacted by three H atom abstraction from cyclohexane. Nonradical reaction product such as cyclohexane addition was also observed. Since one
hydrogen atom abstraction is the most abundance product of the rearranged monoradical
1c. For dimethyl disulfide, three SCH3 abstraction and HSCH3 and secondary SCH3
abstraction products are the major products for the triradical 1 since none of these
products were fond for biradical 2 and 3. The SCH3 abstraction is the major reaction
product for the rearranged monoradical 1c.
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Figure 11.5 Proposed ring-opening mechanism for 4,6-didehydroquinolinium cation.

Figure 11.6 Proposed CAD process for the generation of 2,7,9-tridehydroacridinium
cation.
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Table 11.1 Reaction efficiencies and product branching ratios for reactions of radicals 1-5
with cyclohexane and dimethyl disulfide.
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Table 11.2 Reaction efficiencies and product branching ratios for reactions of radicals 1,
1a and 1b with cyclohexane and dimethyl disulfide.
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Table 11.3 Reaction efficiencies and product branching ratios for reactions of radicals 1-5
with tetrahydrofuran and allyl iodide.
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11.5 Conclusion
The 2,7,9-tridehydroacridinium cation 1 was successfully generated and
demonstrated to contain three radical sites when allowed to react with dimethyl disulfide
and cyclohexane. Through the study of related mono- and biradicals, it was found that the
reaction first occurs on the 9-position of 1 followed by the 2- and 7-positions. 1 was
found to react much slower than its bi- and monoradical analogs, likely due to D-Q
splitting and low EA. The ion population thought to be composed of 1 was found to also
contain another, more reactive isomer, which was likely generated through ring opening
to form a monoradial and an unreactive meta-benzyne. The triradical 1 mainly show three
hydrogen atom abstractions and cyclohexane addition when allowed to react with
cyclohexane. When reacted with dimethyl disulfide, three SCH3 abstraction and HSCH3
and secondary SCH3 abstraction products were the major reaction products for the
triradical 1.
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